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welding current without a single dead spot. It's 
simple to select any one of ten desired ranges on 
the large wheel, then select one of a hundred 
points within that range on the small dial. An 
invaluable feature for perfect welds. 
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Thermit Welding in Maritime 
Commission Work 


By J. H. Deppeler' 


T IS not my intention to discuss the use of Thermit 
welding in repairs to ship stern frames, shafts, rudder 
posts and other parts, nor the mass of other repair 

work that has been done in the marine field. 

It is a fact, however, that the Thermit welding process 
has been very successfully employed for forty years in 
both repair and construction of ship parts and that it 
was one of the first, if not actually the first, of the welding 
processes to be approved by the American Bureau of 
Shipping, Lloyd’s Register of Shipping and other in- 
spection bureaus for many applications. 


* Presented at the Annual Meeting, A.W.S., Chicago, IIl., Oct. 18 to 21, 
1943 
+ Chief Engineer, Metal & Thermit Corporation, New York, N. Y. 
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Fig. 2—Diagram 


Showing Dimensions and Locations of 


Thermit Welds in Typical Stern Frame for C-2 Cargo Ships 


and “Victory’’ Ships 


—Stern Frame for Ship to Be Equipped with Contra- 
t and Contra-Propeller; Cast in Four Pieces and Fabri- 
cated by Thermit Welding 


It is only natural, therefore, that, when a situation 
developed in which this welding method offered the solu- 
tion to one of the problems of supplying sufficient ma- 
terials and parts to carry out the huge shipbuilding pro- 
gram it had laid out, the United States Maritime Com- 
mission turned to Thermit welding. 

A program encompassing, as it did, the construction of 
2100 merchant vessels, totaling 21,000,000 dead-weight 
tons, in the first three years; one calling for the comple- 
tion of 1800 large merchant ships in 1944 alone; in- 
volves tremendous demands on suppliers of parts and ma- 
terials for ships. One shortage that threatened because 
of these demands was that of large stern frame castings, 
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In addition, several small sections are, of course, more 
easily handled and can be shipped much more reaqj}, 
than castings the size of a complete frame. This js , 
decided advantage where shipments must be made froy, 
inland foundries to coastal shipyards. In fact, on some 
railroads, clearances are not sufficient to permit trays. 
portation of such large units. 

The use of small castings also minimizes the danger of 
warpage and of shrinkage cracks and other defects 
which may develop in very large castings. Thus, fabri. 


33° 


19" 90 
O Ibs. 189" 


a ; 29 Yo" cated stern frames made up of several sections welded 
2 
a ee together are generally stronger and more sound than one. 
piece frames. 
z 18Y2"} 600 Ibs. Since the cross sections of the members of these frames 
% 27") 500 Ibs. are of a size ideally suited to Thermit welding and since 
: this process does not require any machine work prepara- 
tory to welding, but employs a simple straight-sided, 
tee Wellin flame-cut gap, the application is a “natural” and the 
Thermit welding of stern frames has become an estab- 
one of which, weighing nearly 30 tons, is required for 
each ship. 
mn Few foundries in the country—nowhere near enough The 
i. to supply the demand—were equipped to turn out these cal C 
: castings in one piece. Many foundries, however, could xe 
; supply them if they could be cast in several sections. So Therm 
- the frames were redesigned to be cast in two, four or The 
2 five parts for welding together at the shipyard. Maxi- rudde 
mum use of the foundry facilities of the nation could S nieee 
‘ thus be made to keep the shipyards supplied with frames. ings . 
redesi 
frame 
shipy: 
Sin 
to eve 
2 Fig. 5—Frame Welding Setup in a Machine Shop Where a 
Rai Level Bed Plate and Portable Metal Supports Are Used to Aid 
“ in Aligning the Parts 
ot Frames being welded are of two general types, those 
“ ; for the C-1, C-2, C-3 and VC class ships and those for 
the EC class ships. 
ss de The C and the VC, or Victory ship, type frames are o! 
e ‘Saco the usual general design with propeller posts and rudder 
a THEAMIT weLo—— posts as shown in the accompanying illustration. 
cast _These frames are usually made in four parts as 
“s 8 dicated. The castings are designed with !/2-in. cast gaps 
on which enable them to be aligned in the flat on a heavy 


bed plate, or cradle. When they are accurately posi- 
tioned, they are prepared for welding by oxycutting the 
welding gaps. These gaps are usually of 1 to 1'/2 1. 


in width. 
Among the considerations which must be taken into 
~ 19'- 3" account in designing frames for welded fabrication are 
STERN FRAME the following: 


1. To avoid shrinkage troubles, any heavy part, suci 
as the propeller boss, should be at the mid-length of the 
individual casting. 

2. The cast gaps should be at least 18 in. from any 


3 protuberance on the casting which might interfere wit! 
SZ a the placing of the mold box for welding. 
3. The inclusion in one casting of two or more heavy 
BOTTOM OF STERN FRAME parts joined by a lighter part should be avoided. 
Fig. 4—Diagram Showing Dimensions and Location of Weld 4. Each end of the casting to be welded should be 
in Typical Liberty Ship Stern Frame solid for a depth of 7 in. 


978 THE WELDING JOURNAL DECEMBER 


35 Ye" 
Ww 
| 
tig 
a4 
A 
par 
Se, 
‘fe 
Fig 
of 
194 
silt 


€, More 
readily 
his is g 
de from 
Some 
t trans. 


inger of 
defects 
3, fabri. 
welded 
an one- 


frames 
id Since 
repara- 
t-sided, 
ind the 
| estab- 


, those 
ose for 


5 are of 
rudder 


as in- 
st gaps 
heavy 
posi- 
ing the 
2 in. 


into 
ion are 


t, such 
of the 


m any 
‘e with 


heavy 


uld be 


fig. 6—Completed Liberty Frame in Subassembly for Stern 
End of Ship 


The cross sections at the four Thermit welds in a typi- 
cal C type frame are approximately as shown in the 
following sketches which also indicate the quantity of 
Thermit used in making a weld in such a cross section. 

The Liberty ship frame has been designed with no 
rudder post. These frames were originally cast in one 
piece, but again transportation of the large, heavy cast- 
ings and the limitation of existing foundry facilities made 
redesigning advisable and the majority of Liberty ship 
frames are now cast in two pieces which are joined at the 
shipyard by a single Thermit weld. 

Since it would not be feasible for us to furnish a man 
§ toevery shipyard to supervise the making of these Ther- 


Fig. 7—Where Welding Is Done on the Ways at the Stern End 


of the Ship, the Finished Frame Is Simply Tilted Into Final 
Position 


mit welds, arrangements have been made with the 
Maritime Commission for the yards to do the work them- 
selves after a crew of three or four men have been thor- 
oughly instructed in the procedure by our representatives. 
No special qualifications are required of the men to do 
this work, but a small crew of two or three skilled and 
intelligent mechanics can be taught within a few days 
enough of the procedure to enable them to carry out the 
work successfully. The time required for welding varies, 
of course, from yard to yard, but it is entirely possible 
for five or six men—two who have been trained and the 
others as helpers—to make the four welds in a large 
frame in 2 to 2'/, days and many yards are maintaining 
this average. 

Ordinarily, the welding is done indoors in a special 
shop, or part of a machine shop, or some similar building. 
After chipping off all or part of the Thermit collar and 
carefully checking the alignments, the completed frame 
is moved by crane or other means to one of the ship 
platens where it is incorporated in the prefabricated sub- 
assembly of the stern section of a ship. 


Fig. 8—Close-Up of One Completed Weld in the Rudder Post 
of a C-2 Frame, Bacio the Weld After Gates and Risers Have 
Been Removed 


In some yards, however, especially those building only 
Liberty ships, the frames are aligned and welded on the 
ship ways at the stern of the ship. This procedure en- 
ables them to be swung up sidewise into final position in 
the hull with the shoe in line with the keel, and is of par- 
ticular advantage where crane facilities are limited since 
the frame need not be shifted as a whole, but is simply 
fulcrumed around the shoe and tilted into position so 
that only half the weight is lifted. 

Most of the Maritime Commission ships have contra 
guide rudders or at least streamlined rudders. In all 
such cases, the frame itself is also streamlined, not only 
to minimize its resistance during passage through the 
water, but also to control the wash and counteract the 
swirl of the propeller and thus to provide easier steering 
and more efficient propulsion. In order to carry out the 
streamlining therefore, in some cases the entire collar 
of Thermit weld metal is cut away before the frame is 
incorporated in the hull. In other yards, however, only 
enough of the collar is removed to provide clearance be- 
tween the rudder and the rudder post of the frame, or to 
allow proper fitting of plates on the propeller post. 


THERMIT WELDING STERN FRAMES 
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Welding Instructions for Use by 
Welding Supervisors, Leadermen, Etc., 
of All Crafts Concerned with Shipyard 

Welding 


UNITED STATES MARITIME COMMISSION, 
WASHINGTON 25, D. C. 
July 17, 1943 


To All Contractors Constructing Ships for the United 
States Maritime Commission: 


Modern advancements in welding have made possible 
our present enormous output of ships. In every ship- 
yard, capable and efficient welding supervisors and 
operators can increase the quality of a ship and the 
speed with which it is built. They can materially reduce 
total man-hours. On the other hand, inexperienced 
and poorly skilled welding supervisors and operators can 
and do upset production schedules. They run up ex- 
cessive man-hours because of work incorrectly done, 
work that has to be chipped or burned out and done over. 
Through poor workmanship the ship is endangered. 

As our experience in the present shipbuilding program 
has increased, it has become obvious that a compre- 
hensive analysis should be made of the common welding 
difficulties encountered in building ships and that an 
authoritative set of instructions as to what should be 
done and what should be avoided ought to be issued for 
the benefit of all shipyards and their production organi- 
zations. For many months shipyard training and 
production departments have been searching for ma- 
terial that could be used with confidence in training the 
members of the welding, ship-fitting and other concerned 
departments in the proper welding techniques to be used 
on the ship from keel laying through to delivery of the 
vessel. 

The material contained in these instructions has been 
gathered from the experiences of a representative body 
of men active in merchant and naval shipbuilding, and 
from the records of common failures encountered on 
ships during the construction period and attributable 
to welding procedure. 

This group has worked in cooperation with the United 
States Maritime Commission and the American Bureau 
of Shipping, both of which have approved the following 
material for use in trainirg shipyard supervisors and 
craft employees concerned with welding. 

It is presumed that each yard has or will issue to its 
personnel welding standards as they pertain to the 
technique of making welded joints of various kinds in 
respect to proper size and type of electrodes, currents 
to be used and number of passes and methods of making 
them for different conditions and thicknesses of plates. 


* Prepared by U. S. Maritime Commission, Washington, D. C., and 
reprinted with their permission. 


Therefore, no effort is made to include any instructions 
in the art of making welds. 

Considerable emphasis is placed on the necessity for 
welding supervisors to realize the importance of making 
sound welded joints. Flaws in a weld which may seem 
minor in themselves may well prove to be the starting 
point of a serious structural failure under service condi- 
tions. 

We therefore urge each shipyard management to use 
this material promptly and to the fullest extent in the 
immediate training of all supervisors concerned, including 
foremen and leadmen. 

(Signed) H. L. Vickery, 


Commissioner 
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Introduction 


S FAR back as the First World War it was the 
opinion of some that in all probability an all- 
welded ship could be built properly and much 

more quickly than a riveted one. However, the actual 
use of welding was confined to repair work during that 
period. 

In the years that followed, the use of welding expanded 
rapidly in this country. The first completely welded 
craft were barges; then in 1931 a 200-ft. self-propelled 
tanker was constructed. Later, in 1936, the entire tank 
space of a 521-ft. tanker was welded. The success of 
these vessels led to the construction of many large all- 
welded tankers up to the time the present emergency 
construction started, and the general adoption of welding 
on the present shipbuilding program. 

Welding has many advantages over riveting in ship 
construction. When properly made, welded joints are 
stronger than riveted joints. Plates in riveted ships 
in way of watertight or oiltight bulkheads and butt laps 
are weakened by the many closely spaced rivet holes. 
Also welding saves much steel weight as plate laps in 
way of seams and butts are no longer necessary, and the 
faying flanges of frames and stiffeners to shell, bulkheads, 
decks and tanktops may be omitted with a suitable 
adjustment for strength. 

A saving of man-hours is generally accomplished by 
using welding in all phases of ship construction. The 
loftsman’s work is simplified, as he does not have to 
locate and drill the thousands of holes on his templates. 
The laying out is faster, and the punching and counter- 
sinking in the fabricating shop are eliminated. The 
making of satisfactory, watertight joints is much less 
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difficult. In the assembly on the platens and erectioy 
on the ways, there is no need for the bolter-up, reamer 
countersinker, caulker or the riveting gang consisting oj 
the heater boy, passer, holder-on and riveter. (j 
course, in some instances new methods of locating anq 
holding subassemblies in their place on the ways have 
had to be devised. 


Qualifications and Duties of a Welding Supervisor 
from Leaderman Up 


The term welding supervisor as used in these instruc. 
tions covers any person who is in charge of and re- 
sponsible for the quality and quantity of welding per- 
formed by welding operators. This includes super- 
intendents, quartermen, foremen, leadermen, etc. 


A. Qualifications of a Welding Supervisor 


1. A welding supervisor should be an expert welder 
and be capable of knowing: 
(a) By watching another make a weld whether or 
not it will be sound; 
(b) If proper current and technique for a given weld 
are being used. 


2. Heshould be thoroughly familiar with the standard 


procedure set up by his yard in respect to making all 

types of welded joints and the sequences to be followed. 
3. He should possess such additional knowledge as 

is necessary to carry out his duties as outlined below. 


B. Duties of a Welding Supervisor 


1. A welding supervisor should be responsible for 
the quality of the work and the production of those 


BRACKET 
CENTER 
KEEL 


O | 


KEEL 


Fig. 1 


THE WELDING JOURNAL 


GiROER $ 
BOTTOM SHELL 


und 
insu 


( ( 
(i 
pre 
Bp 
of 
by 
| 
ke 
in 
é 
ay ap 
st 
tt 
| 
OECK 
MEER STRAKE 
SECON 
/ 4 
Tank TOP 
¥ 
GIRDER SOLID FigoR 
| 
986 DECEMBER 
q 


ection 
amer, 
ing of 
oF 
and 
have 


rvisor 


struc- 
d re- 
4 per- 
per- 


velder 
eT or 


weld 


idard 
ig all 
ved, 
ve as 
yw. 


e for 
those 


ER 


under him. He should go from operator to operator to 
insure that: 


(a) The electrode sizes and types are proper for the 
type of joint preparation and welding position; 
(b) The welding operator is using proper technique 
in manipulating the electrode to: 
(1) Start and stop runs properly, 
(2) Get full penetration, 
(3) Avoid undercutting, 
(4) Finish off welds properly. 


2. A welding supervisor should see that the joint 
preparation and fit are proper before permitting any 
finish welding to proceed. This includes back chipping 
of joints. 

3. He should see that the welding sequences laid out 
by the welding engineer or designer are followed: 


(a) On subassemblies on platens or in shops; 
(b) On subassemblies after erection in the ship; 
(c) On all other welding on board ship. 


4. He should see that warpage in lighter plates is 
kept within reasonable limits and that shrinkage stresses 
in heavier plates are kept to a minimum by the proper 
application of: 

(a) Back stepping; 

(b) Skipping; 

(c) Cascade welding; 

(d) Sequences; 

(e) Peening, 

5. A welding supervisor should give necessary in- 
structions to his operators to improve the quality of 
their work, and to fit them to do the more difficult types 
of welding. 


The Importance of Making Sound Welds 


The substitution of welding for riveting in putting 
steel ships together has introduced a number of physical 
problems which need to be understood in order to pro- 
duce a completed ship which will stand up to the work 
expected of it. Welding induces metallurgical and 
structural changes in the welded steel members because 
of the high temperatures of the welding arc, which cause 
expansion of the metal, quickly followed by contractions 
due to more or less rapid cooling. By choosing proper 
welding techniques and following proper sequences in 
welding and in the erection of subassemblies, distortion 
can be minimized and the shrinkage stresses induced 
by the welding process kept at a safe minimum. 

A ship is in effect a large watertight steel container 
designed to carry a full load of cargo, fuel oil, fresh water, 
passengers, crew and stores through all kinds of weather 
and seas. To do this effectively, all welding must be 
sound and able to transmit the proper load to each 
individual plate or shape in the ship. 

The cross section of a ship is that of a box girder (see 
Fig. 1) and since the four corners of the girder, i.e., the 
deck edges and the bilges, will naturally be most highly 
stressed, particular attention should be paid to the work 
in these vicinities. A square bar if bent severely will 
tend to break first at the corners, especially if the corner 
is nicked. It is essential that such a nick or notch 
effect, which acts as a stress raiser, be avoided in a ship 
in way of the deck at sheer strake, on deck in way of 
hatches, etc. A partially completed weld, whether in 
length or in depth, or a damaged plate edge would con- 
stitute a notch and would be likely starting points for 
cracks. A local failure in such locations can result in a 
general failure of the ship under service conditions. 
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These stress raisers should be carefully avoided, and 
all top edges of sheer strake plates should be ground 
smooth with edges rounded. Over-welding should be 
avoided especially on the upper deck in way of the 
crossing of seams and butts, hatch corners, etc. This 
can be prevented to a great extent by insuring proper 
fit in erection and accurate plate edge and joint prepa- 
ration (see Fig. 2). 

The United States District Court of Baltimore, Md., 
has recently held that the deliberate act of slugging 
welds was a prison offense as such conduct obstructed 
and interfered with the United States Government in 
preparing for and carrying on the war. Welding which 
has been “‘slugged’’ must, of course, be cut out and the 
joints rewelded since such defective welds if not dis- 
covered might easily endanger the safety of a ship. 
Welding supervisors should be on the alert to detect 
defective welding resulting from slugging or any other 
cause. 


Design Details 


The type and size of welding used in joining ship 
structural members should be such as to properly serve 
one or both of two purposes: 


A. To transmit the designed stress flow between 
the joined members, and/or 

B. To obtain a tight joint between the members. 

The type of butt weld necessary to give 100% efli- 
ciency can be varied somewhat by the designer. Most 
commercial vessels are designed and built to the Rules of 
the American Bureau of Shipping, which Society must 
approve all plans, including the welding, before con- 
struction is started. The experience and judgment of 
the designer and of the Bureau, as well as the particular 
facilities and practices of the building yard, enter into 
the selection of the type of welds shown on the working 
drawings. Jt is necessary, therefore, that the plans be 
strictly adhered to. 
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The strength required of fillet welds may be obtained 
by either varying the size of weld or by varying the 
spacing between intermittent welds. It should always 
be kept in mind that the correct size of weld has been 
determined and is shown on the working drawings. 
Any attempt on the part of the welder, or welding super- 
visor, to increase the size of weld in order to strengthen 
it or in any way digress from the approved plans without 
specific authority can easily lead to serious trouble. 
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Some of the considerations which affect design details 
are governed by the following principles: 


A. Sharp corners, notches and abrupt changes of 
section should be avoided (see Fig. 3). 

B. The details should be planned with a view to 
accomplishing the desired purpose with the least 
welding (see Fig. 4). 
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C. Where butts in non-watertight members form- 
ing the stem of T-joints must be welded after erection, 
these members should be scalloped out slightly so that 
the butt weld will not be in contact with the other 
member; for example, butts in bilge keels. In water- 
tight members the fillet welding of the T-joint for 
about a foot each side of the butt should not be done 
until the latter has been welded (see Fig. 5). 
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Standard Procedure 


Each shipyard has now formulated a definite pro. 
cedure covering the entire construction of the type 
ships being built. In planning the procedure, dy 
consideration has been given to the principles of sound 
welding practices and to the efficient erection of the ship, 

One of the most satisfactory procedures thus far de. 
veloped in the construction of ships involves finishing 
in the following sequence: ; 


A. The bottom shell plating upon which is erected 
the inner bottom sections. 

B. The hold bulkheads. 

C. The side shell with its framing. 

D. The second deck and between deck bulkheads. 

E. The upper deck and superstructures. 


The proper method of carrying out the above procedure, 
however, requires careful, consideration of the principle 
of completing finish welding before too much steel is 
erected ahead as to cause unusual restraint and yet 
conforming to fundamentals of good welding procedure. 
This should involve welding simultaneously on both 
sides of ship from the center vertical keel out and fanning 
up and out from amidships at the bottom. Final 
welding of the upper deck at the ends will then proceed 
parallel with that on the bottom shell and tank top, 
leaving the final welding of the structure at the ends oj 
the ship approximately at the second deck level or half 
depth area. This method has been developed to control 
a straight line of the keel and its successful application 
depends upon careful recording of bow and stern align- 
ment on the keel blocks and making minor readjust- 
ments in the rate of progress of the welding at various 
points. Failure to follow a proper procedure in a known 
case caused the keel at ends of ship to be five inches out 
of line. 


Sequences 


A proper sequence of welding is the most important 
factor in carrying out the procedure to be followed. No 
simple rule applicable to all cases for the proper welding 
sequence of either subassemblies or main erection sec- 
tions can be given. The objectives sought in setting 
up welding sequences are twofold: (1) to avoid excessive 
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restraint against weld shrinkage, and (2) to minimize 
distortion. These objectives are not always compatible 
and the welding engineer must seek a satisfactory com- 
promise. 

However, proper welding sequence is covered by 
relatively few fundamentals, such as the following: 

A. The weld metal and adjacent heat-affected zone 
of the base metal contract upon cooling and draw the 
welded parts closer together. If one such part is entirely 
free to move, there may be slight distortion but little 
if any stress at right angles to the weld. On the other 
hand, if both are restrained against all movement, the 
contraction will produce shrinkage stress in the members 
between the points of restraint. Mass, shape or attach- 
ment to other structure may cause restraint (see Fig. 6). 
The accumulation of appreciable shrinkage stress appears 
to be minimized where actual freedom of parts cannot 
be permitted by providing relief by an actual cut-out 
scallop) or partially omitting attachments to allow 
“flowing’’ of the steel in the immediate vicinity of the 
weld (see Fig. 5). 

B. Maximum shrinkage seems to occur across a butt 
weld, less effect being caused by fillet welds. The axial 
i.e., along the length) shrinkage of either of these welds 


is much smaller than transverse shrinkage, and although 
it may be disregarded in short connections, the cumula- 
tive effect of a continuous weld of great length constitutes 
sufficient reason for employing special techniques such 
as skip or back-step sequences, either by bead or cascade 
methods for certain important final assembly joints 
(see Fig. 7). 

C. Since these shrinkages cannot be avoided, they 
must be allowed for, in order to minimize stress accu- 
mulation. This is accomplished by welding toward 
free ends or in the direction of greatest freedom. In 
order to avoid distortion of the whole vessel, welding 
should be carried out symmetrically on both sides at 
once as far as possible and in general compliance with the 
procedure previously described (see Fig. §). 
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D. The over-all sequence usually employed in finish 
welding is to work out from the center line, forward and 
aft from amidships, or from aft forward, and up from the 
bottom on both sides of ship simultaneously. However, 
this involves transverse and longitudinal joints of the 
deck and the upper strakes of shell being welded after 
the lower strakes are fixed and brings about the shorten- 
ing of the top portion of the vessel with a consequent 
tendency for the ends to rise from the keel blocks. Such 
a condition may be largely reduced by panel construction 
of the side shell, but may also be 
provided against by finishing the 


NUMBER OW SLAM REPRESENTS WELO JOINTS IN ORDER OF NUMBERS. > wre 
TWO BUTT INTERSECTIONS SEAMS WELOEO TOWARD FREE ENO before closing the transverse and 


longitudinal joints of the side shell 
between the tank top and upper 
deck, for about a quarter of the 


length of the vessel at each end. 


These joints can then be welded by 
“« : the top and up from the bottom 
“Se ; @, © toward the neutral axis of the ship 
By | om: Ta which is in the vicinity of the second 
_) deck (see Fig. 9). 
| E. The first rule in individual 
@ @n @ sequences is not to make any weld 


across an unwelded joint in an ad- 
= jacent member. This applies 
equally to butt or to fillet welds of 


stiffening members, or other T con- 
nections. The reason for this is 
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that the first weld will restrain the 
members to be joined by the second 


weld from contracting or ‘‘flowing,”’ 
thus leaving the resulting stress 
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“locked up.”’ If such a weld does not crack eventually, 
it may start a crack in the adjacent plate, which can 
extend into others. This is the commonest type of 
fracture. The most obvious example of this condition 
is"a shell butt welded after the seams have been finished, 
or after that strake of shell has been attached to a deck 
or other crossing member (see Fig. 10). 

F. It is generally best to join framing members 
which intersect, such as floors and intercostals, to each 
other before attaching them to the plating of tank top 
or shell (see Fig. 11). 
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G. In locations such as the bilge strake, which 
usually erected separately, it must be remembered thy, 
considerable shrinkage in the length of the plate wi 
result from the fillet welds attaching the floors to t, 
plate; therefore, after the butt of bilge plate neag,,, 
amidships has been welded, the floors should be 4. 
tached before welding the other butt. This same metho, 
will be seen to apply generally in all similar cases (se 
Fig. 12). 

Hf. In making up subassemblies, the same principle 
govern, but there is usually little restraint involved 
Dogging the assembly down to platens to prevent djs. 
tortion does not necessarily restrain the parts from cop. 
tracting. It is essential, however, that distortion fy 
kept to a minimum to avoid difficulty later in making 
proper fit-up with adjacent parts. Auxiliary tem. 
porary stiffening such as heavy timbers should alway; 
be provided while handling subassemblies, particular) 
while turning over panels the seams of which have beey 
welded only on one side, to avoid cracking the incom. 
plete welds. 

I. There are many details for which separate an¢ 
special sequences will be required. The object shoul 
always be to allow the shrinkage to take place as free) 
as possible, and to make the weld involving the least 
shrinkage last. In the ship as a whole, for example 
since the major stress to be encountered in service is ir 
fore-and-aft direction, it is more important that trans. 
verse butt welds be comparatively free from shrinkag 
stress, as in sequence shown in Fig. 8. 

J. The technique of depositing the weld metal, i. 
in multiple pass work, will vary with the location. 
is certain that a cascade method in association with 
step-back sequence will result in less axial shrinkag 
stress and should be used on all vital assembly joint: 
of large panels whether longitudinal or transverse. Th 
cascade method consists of building up the weld flusi 
with the surface of the plate at each step, each pas 
being shorter than those beneath it, then stepping bac! 
and building up another length of weld, chipping off th 
craters of each bead to sound metal (see Fig. 13). 
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K. All welds should be completed to the extent shown 
pon the sequence schedule in one operation, avoiding 

pick up” welding as much as possible. Transverse 
butts should be completed at once without interruption 
after the joint has been started (see Fig. 14). 


FLUSH WITH SHEER ST 
TWO DETAILS OF FASHION PLATES WHICH ELIMINATES 
NOTCH IN WAY OF SHEER STRAKE 

~ RIGHT ~ 


SECTION 8-8 


} FASHION PLATE DETAIL SHOWING NOTCH 
“a” 
~WwRONG- 


Fig. 18 


L. At the intersection o four plates or assemblies 
where a cross joint is formed (see Fig. 15), the welding of 
seam 1 should stop clear of the butt to allow plates A 
and B the necessary freedom to flow or stretch, as 
indicated by arrows, over a greater area than would be 
permitted had the seam between A and B plates been 
welded across the butts to the ends of the plates. Now 
when butts 2 and 3? are welded while all plates are free 
to stretch forward and aft to an extent favoring the butt 
contraction, locked-up stresses at the intersection of the 
four plates are el.minated. After the completion of 
butts 2 and 3, seam 4 can be welded continuously across 
the intersection. 

M. It is very important at a cross joint to finish 
off the wed at the end of each butt marked X in Fig. 
15 before continuing the seam welding and at a T joint as 
shown in Fig. 16. 

N. A typical sequence for welding longitudinals in 
way of transverse bulkheads on tankers is as follows 
(see Fig. 17): 

Step 1: Weld transverse fillet 7 both sides of bulk- 
head. (This will allow plate A to shrink at a time 
when it is not restricted, thereby not placing an addi- 
tional strain on plate butt weld 2. 

Step 2: Weld butt 2 inside and outside. (This 
weld is now being made at a time when the plates 
are still free to stretch over a large area.) 

Step 3: Weld butts of longitudinal 3. (Should 
there be any butts in the longitudinal as found on 
repair work, they should be welded before welding 
the leg to the shell, thereby completing the butt while 

the longitudinal is still free to move.) 

Step 4: Weld longitudinals to 
shell. (Here again locked-up stress 
in way of the longitudinals crossing 
the butt weld is eliminated by throw- 
ing what stresses may accumulate 
into a fillet weld.) 

Step 5: Weld through brackets 


to bulkhead, both sides. (Here the 


over-all shortening of the brackets 
is taken care of by making these welds 


4 at a time when the brackets are free 


2) BUTT IN SHELL PLATE PLATE Conc TuomaL FORD 
Fig. 17 
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to shrink since they are not tied in 
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Steps 6 and 7: Weld through brackets to longi- 
tudinals. (Here the final tie-in is made with a fillet 
weld in the longitudinal direction with all previous 
welds made under the most favorable conditions.) 

O. An abrupt change in structure and notch effect 
in way of the bulwark is avoided by tapering the fashion 
plate as shown on Fig. 18. Here is a detail that forms 
a notch or stress raiser, A. With any movement or 
working of the vessel the strain created at a point like 
this is naturally increased. It is, therefore, a likely place 
for a fracture to start. To eliminate these conditions, 
it has been found advisable to taper off the bulwark 
plates as indicated. 

P. Figure 4 (a) shows a possible critical point of 
stress concentrations in way of deck stringer, sheer 
strake and foundation for a deck fitting. 

By a glance at the figure it is readily seen that con- 
siderable stresses may be tied up at this point, due to 
the presence of many welds within a small area. Since 
the sheer strake is a vital member of a ship, special 
attention should be paid to all workmanship in this area 
to eliminate all known factors that contribute to starting 
points for fractures, such as locked-up stresses, notches, 
abrupt corners and improper welding procedure. By a 
change in design we can eliminate the foundation and 
half round from the sheer strake. This will reduce the 
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welding and at the same time make a clean edge thy 
can be rounded off eliminating the sharp edges (see (4 
Fig. 4 (0d). 


Structural Failures 


Examples of failures occurring in various importay; 
parts of a ship’s structure due to improper sequences jy 
welding and failures due to poor welding technique an¢ 
plate edge preparation are shown and described jy 
Figs. 19 to 30, inclusive. 
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The connection between the deck stringer plate and 
sheer strake had been made before butt weld in deck was 
completed, resulting in cracked weld in butt where 
shown (Fig. 19). 

The butt weld joining shell plates K4 and K65 cracked 
between seams which had been welded completely before 
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putt was welded. This restraint against shrinkage 
caused the weld to crack (Fig. 20). 
Figure 21 illustrates that fittings on sheer strake need 


attention in respect to small details. Welding of the 
butt in the half round after completion of the other 
welding caused a crack in that weld which spread into 
the deck and sheer strake. 

This failure occurred when the center vertical keel 
was struck once with a small maul. The plates had been 
completely welded to tank top and the flat keel prior to 
the welding of the butt, which is contrary to good welding 
practice. The butt had been welded for several months 
and when the completed tank was surveyed it was de- 
cided to hammer several butts in question. The butt 
weld and adjacent plate obviously had high shrinkage 
stresses locked in them due to the restraint against the 
butt weld shrinkage caused by the connections to tank 
top and flat keel (Fig. 22). 
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Fig. 26 


Cracked Weld in ‘‘Sheer Strake’’ 


The weld cracked as indicated in Fig. 23 some time 
after completion. Surface inspection indicated good 
workmanship as far as the actual welding was concerned. 
_ When the weld was chipped out it was found that the 
joint had not been properly prepared for a manual weld. 
Instead of being in accordance with the design as shown 
in Fig. 24, the joint was made up as indicated in Fig. 25; 
that is, with no root opening and with '/,-in. nose. 

The root had not been chipped out to clear metal so 
that instead of a butt weld rated at 100% efficiency, the 
joint was made up of two seal welds. . 

_ The weld cracked through the weld metal as indicated 
in Fig, 26. 

_ This shows the importance of the welding supervisor 
inspecting the joint preparation before a job is released 
lor finish welding to make sure that the joint is properly 
prepared in all respects. 
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Failures Due to Improper Welding Technique 


If a single full length root pass on heavy work is made 
as shown in Fig. 27, the relatively small amount of weld 
metal pulling against the heavy base metal will cause 
a shrinkage crack which is likely to travel up through 
subsequent passes. The cascade welding method should 
be used (see Fig. 13 page 990). 

Failure to clean the root properly will leave slag or 
void in the weld, which weakens joint and may cause 
cracking. The root should be cleaned out to sound 
material in both weld and base metal to permit full 
penetration (see Fig. 28). 
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Too much weld metal deposited on one side of a con- 
nection without welding the other side causes distortion. 
Keep weld balanced on the two sides whenever struc- 
tural arrangements permit (see Fig. 29 (a)). 

When the root opening is excessive, the large amount 
of weld metal required causes excessive shrinkage, 
resulting in possible cracking. The metal should be 
built up on one or both sides of joint to reduce opening 
to proper size before bridging across (see Fig. 29 (0)). 

An insufficient root opening (see Fig. 30) requires 
excessive chipping to clean it out to sound metal. If 
such a joint is welded without correcting the root open- 
ing, poor penetration will result, giving a defective weld. 
The use of smaller electrodes for the metal beads may 
help to rectify this condition. 


Preparation of Subassemblies for Welding and for 
Erection on Ways 


The preparation of plate edges for welding is very 
important. The trimming and the beveling should be 
accurate so that the fit for welding will be of the correct 
uniform width throughout its length. In _ splitting 
structural shapes such as I-beams and channels to be 
used as stiffeners, it is also essential that the flame 
cutting be uniform and straight for the reasons given 
above. 

The assembling of the various plates and shapes into 
subassemblies on the platen is primarily the responsi- 
bility of the shipfitter. The work should be accurately 
assembled and securely dogged down and tack welded. 
Great care should be taken to see that all welded joints 
are lined up so that proper width joints will result. 
Before finish welding starts, both the shipfitter and 
welding supervisors should inspect the assembly to check 
it from the standpoint of accuracy of fit with a view to 
making such adjustments in fit as are deemed necessary. 
A variable width joint and one that is too wide requires 
the depositing of excessive weld metal which will result 
in considerable heat concentrations at the wide places, 


993 


j 
an 
ae 
pr 
ga 
oe 
j Fig. 23 a7 
ROOT 
! ve 
q Fig. 24 Fig. 25 
WV 
LL 
ENTER 3 
| 
ECL 
| 


causing excessive local distortions and greatly increasing 
the chance of locking up stresses in the assembly. If 
the fit-up is too close or the root face is too large, the 
proper weld penetration will be impossible and unsound 
welding will result unless extra back chipping is done. 

Before the subassembly leaves the platen, it should 
be carefully checked by the shipfitter foreman to see 
that it conforms accurately to the required shape and 
dimensions. A rigid adherence to this practice will 
result in a great saving of time in the erection procedure. 
The subassembly should be carefully located in its 
proper place in the ship and fitted to the adjoining 
structure. Proper and uniform clearances in way of the 
assembly joints must be obtained. ‘The shipfitter super- 
visor is responsible for the proper regulation of the sub- 
assembly, but in regard to the adequacy of the fit of 
joints from the standpoint of welding, the welding super- 
visor is best qualified to judge. Before welding the as- 
sembly into place, therefore, the welding supervisor 
should be satisfied that the fit and edge preparation 
will result in sound welds of uniform section throughout. 

The sequences set up for the welding of subassemblies 
and their erection and welding in’ the ship have been 
determined by competent welding engineers or de- 
signers and should be followed. After each subassembly 
has been set in place and tack welded at proper specified 
points, it is essential that the finish welding be done in 
the sequence laid out. Should the erection of sub- 
assemblies be thrown out of sequence, the welding engi- 
neer should at once be advised so that he can give an 
alternate welding sequence to be followed and if neces- 
sary stop erection temporarily. 


Joint Details 


Details of joints and plate edge preparation are shown 
on the approved working drawings. In approving 
joints, consideration is given to: 


A. Suitability of joint for the members to be joined 
and the position of welding. 

Assurance of consistent full penetration. 

The possibility of cleaning the root to sound metal. 

The amount of weld metal involved. 
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Quite different details may be used with automatic 
welding than with manual arc welding. 

For either manual or automatic welding, symmetrica| 
joints should be used; that is, the edges of both plates 
should be similarly prepared as to angle of bevel, whether 
of the same or of different thicknesses. The commoy 
practice of beveling only the thinner of two unequal 
plates does not give uniformly sound results and should 
be discouraged. Where plates of greatly different thick. 
ness are encountered such as heavy inserts for gun foun. 
dations, the heavier plate should be chamfered off ty 
the thickness of the lighter plate and a weld suitable 
for the thinner plate used (see Fig. 31). 


Erection Procedure 


A. In general, tack welding should be kept to 4 
minimum and made with small electrodes and appro- 
priate currents to avoid heavy undercutting. 

B. If small, breakable tack welds which will crack 
and permit movement of the members are used, they 
must be chipped out entirely before making the finish 
weld. 

C. Tack welds which are to form parts of finish weld- 
ing must be sound and all craters, etc., chipped back to 
sound metal. 

D. A seam should not be tacked closer than about 
12 to 15 in. from an intersection with another joint until 
after the latter has been welded 

E. In heavy plates or large panels the use of floating 
strongbacks is to be preferred rather than the rigid type 
which is tack welded on both sides of the joint. Strong- 
backs are to be relieved in way of joints to permit con- 
tinuous welding. Fairing strongbacks showing bolts 
through joints should not be used. Strongbacks should 
be of ample size to hold the structure fair. 
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Butt Welds 


A. In order to make sound butt welds, the fitting 
must be reasonably close and the plate edges correctly 
beveled. These matters are just as important as a metal- 
to-metal fit in riveted construction and are best ac- 
complished by accurate fabrication of plates or sub- 
assemblies and not by the excessive use of jacks, turn- 
buckles, heat applications, etc., to bring the parts to- 
gether, which results in an initial stress even before the 
contraction resulting from welding has taken place. In 
case the fit-up is not accurate, the Maritime Commission 
Inspector and the American Bureau Surveyor should be 
consulted as to the proper procedure to be followed. 
Methods as outlined below may be prescribed. 

B. If the fit is poor, one or both edges of the joint 
should be built up evenly and chipped to the proper 
bevel before attempting to weld the butt in order to 
provide a minimum width of molten metal in making 
the final joint. A maximum of '/¢in. gap may be 
accepted with this procedure. If the gap is betweet 
1/, in. and 5/s in., a backing strip must be used, not less 
than '/, in. thick, which may be removed or permanently 
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seal welded at its edges. If gaps are greater than °/s in. 
the parts should be refitted (see Fig. 32). Under no 
circumstances should wire or pieces of steel (slugs) be 
used to fill part of the space, for even though full pene- 
tration might possibly be accomplished, the mass of 
molten metal in the joint and the resultant shrinkage 
would be excessive. 

C. When girders or other internal framing are too 
short for a proper fit at their ends a new piece should 
be inserted of sufficient length to separate the two welds 
by not less than 6 in. A liner of proper width and thick- 
ness to permit the required welding is satisfactory (see 
Fig. 33). 

D. Butt welds are more difficult to make completely 
sound in shapes than in plates, and should be given special 
consideration in regard to thoroughly back chipping the 
root to sound metal. Several failures have originated in 
improperly welded butts of angles or channels partly be- 
cause of poor welding, but principally because of improper 
penetration of the weld grooves and improper welding 
sequence used. In one case the butt was welded after 
the stiffeners had been completely welded to the plating 
instead of following the sequence shown in Fig. 10. 

E. The importance of back chipping cannot be over- 
emphasized, as it has been found that many butt welds 
which have cracked were not fully fused through the 
entire thickness of the joint. Obviously it is easier to 
chip on the smooth side than between the stiffening 
members, particularly if done overhead, and this factor 
should influence the choice of joint preparation to be used 
in a particular location. Properly shaped and sharpened 
round nosed chipping tools should be used to the exclu- 
sion of diamond point tools as otherwise the chipping 
operation may simply fold the metal over and conceal 
areas of incomplete fusion. The included angle of 60° 
required for most manual joints is about the minimum 
in which proper chipping can be done, as is necessary when 
the root side of the weld is made first. 

F. The weld metal should be de- 
posited with the smallest practicable 
number of passes consistent with the 
size of electrode, welding position and 
typeof joint. Positioning of material 
for downhand welding is advanta- 
geous from the standpoint of minimiz- Li 
ing shrinkage stress and distortion, as . 


application and are shown on the plans. It is more 
common for welding operators to make fillet welds over- 
size than undersize. The welding supervisor must be 
guided by the approved drawings, making himself 
thoroughly familiar with the required size of welds for 
each type of connection to insure that these dimensions 
are met but not exceeded. 

B. Some yards prefer to use continuous welds rather 
than lay out the spacing of intermittent welds, and in 
that case the size of fillets specified for the latter may be 
generally reduced. This is most advantageous when 
single-pass continuous fillets can be substituted for 
multipass intermittent fillets but it should be remembered 
that the contraction from intermittent welding is usually 
much less than that from a continuous weld because the 
volume of deposited metal is less. When intermittent 
fillet welds are used, their dimensions and spacing should 
be uniform. 

C. Fillets made by the automatic process may also 
be reduced '/;. in. from the nominal size for manual 
welds as it has been established that greater penetration 
of at least that much is generally obtained. However, 
this process requires strictly correct operation of the 
machine by specially trained operators to produce 
satisfactory results. 

D. The technique developed under the trade name of 
“Fleet Fillet,”” and otherwise known as deep fillet weld- 
ing, has been successfully tried out in some yards in order 
to speed production and save electrodes. Since it de- 
pends for its success on the skill of the operator and the 
exact calibration of machines, only operators who have 
been specially trained should be permitted to use this 
technique. The machines should be carefully calibrated 
and set. Only those electrodes which have been specially 
approved for use with deep fillet technique should be 
used, and the established speeds and procedure must 
be adhered to. The apparent size of fillet is not an 
indication of its effective size and visual examination is 
not a sufficient check by the supervisor in such cases. 


Fittings 


Attachment of fittings has caused a number of frac- 
tures owing to excessive welding, improper location with 
respect to other structure and welds, or from disregarding 
the general sequence of welding the surrounding members. 


FULLET WELO 

TO BE OF SIZE 

TO MEET STRENGTH 
REQUIREMENTS as 
\ SHOWN ON APPROVED 
\PLANS. 


well as increasing speed, since in that 
position larger electrodes and higher 
currents may be used to deposit larger 
beads more rapidly. However, where 
vertical and overhead welds are neces- 
sary, a %/y-in. diameter electrode 
should be the largest used, with 
currents appropriate to the size of the 
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trod and type of joint. : 


Fillet Welds 


A. Fillet welds are specified in de- 
tail as to size and spacing for each 
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A. It is necessary to place many fittings near the 
gunwale, and these should be given particular attention. 
They should be kept clear of the sheer strake where 
practicable, should land over supporting headers or 
beams, and have bases of sufficient area to be attached 
by fillets of moderate size. 

B. It is seldom necessary to build up a fillet the full 
thickness of the base of fitting or local doubling plates 
as a comparatively small fillet will in most cases be 
sufficient to provide attachment equivalent to a corre- 
sponding riveted connection (see Fig. 34). Heavier 
welds than called for on the plans may set up severe 
local stresses, and should not be used. 

C. If possible, fittings should not be placed across 
or near the intersection of deck plate welds. If this 
cannot be done, special care should be taken in selecting 
proper welding techniques to prevent local stress con- 
centrations. 

D. The location of all fittings should be shown on 
drawings. 


Heavy Material 


In the welding of heavy material, say over 1'/2 in. 
thick, special precautions should be taken. The weight 
of the material alone is enough to exert considerable 
restraint upon the contracting weld, and the large mass 
of metal tends to cool the weld metal so rapidly as to 
make it hard, with a tendency to be brittle. 

A. It is advisable to use and to hold a controlled 
preheat of about 250 to 300° F. and to keep the amount 
of weld metal balanced on opposite sides of the joint, 
by working two operators simultaneously if possible. 

By completing the joint in a single operation 
without interruption, the effects from fluctuations in 
temperature can be avoided. 

C. It is most important that final cooling take place 
gradually and evenly, and for this reason heavy welds 
are best done under cover of a building or temporary 
shelter, and they should be protected from cold drafts. 

D. Where long butt welds in thick material are 
necessary, the weld should be built up in blocks to the 
full thickness of the plate, the end of the block then 
chipped clean, and the next block applied. The length 
of weld metal which can be deposited with one electrode 
is a convenient length for individual blocks. 


Automatic Welding 


The process of automatic welding involves a number 
of additional considerations with which the supervisors 
should be familiar. 

A. As previously stated, the joint details used are 
somewhat different from those for manual welding. 
Beveling of the plate edges may be dispensed with under 
certain circumstances and plate thickness limitations, 
when shown on approved working drawings, although 
the usual V-groove is also satisfactory. With no bevel 
or a 30° V, chipping is not possible, and is not necessary 
provided the following precautions are observed. 

B. Before starting to use the automatic process, 
the operators should make enough test runs to establish 
the best conditions of amperage, voltage, electrode size, 
speed of travel, size of flux, etc., for each type of joint 
and thickness of plate, under guidance of the supervisor. 

C. Only operators who have been qualified to use the 
machine should be permitted to use it. : 

D. In production, the supervisor should check the 
operation of machines for compliance with the approved 
standard conditions, and also see that thorough cleaning 
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of plate edges and surfaces next to the joint is a regula; 
part of the technique; a power-driven wire brush followe; 
by an air hose is a satisfactory means of accomplishing this 

E. It is most important that no automatic welding 
be done on wet material, and even dampness should be 
removed by drying the joint with a torch or other ap- 
proved equipment. 

F, Should numerous or large blowholes in the surface 
of the finish weld be found, it indicates dirt or dampness 
in the joint, or incorrect adjustment of the machine 
The machine should be stopped, and the conditions 
checked before proceeding. The defective weld should 
be cut out and rewelded. 

G. In making subassemblies which have little extr, 
stock for trimming, tabs or run-off plates should be 
welded to the plates at the end of the seam. These 
should be of the same thickness as the work, so that the 
machine weld may continue past the edge of the plates 
and be cut off clear of the crater (see Fig. 35). 


PLATE 


SECTION A-A 
FULL DEPTH WELD AT JOINT 


TAB HAS SAME EDGE 


FINAL CUT 


CUT OUT PLATE 


EXCESS LENGTH | 
_ON ONE PLATE 


DETAIL OF RUN-OFF TAB 


PLATES OF DIFFERENT LENGTHS 


Fig. 35 


H. Automatic welding may be used for all subassem- 
blies, and on the ways for joining panels or plates of the 
bottom shell, tank top and lower decks without camber. 
Should a seam welded by this process be left unfinished, 
the crater and remaining length of seam must be chipped 
out to a bevel of 60° before manual welding and such 
manual finishing must be done immediately. The 
automatic process is specifically disapproved for gunwale 
connections and for seams and butts joining panels of 
strength decks and decks having camber. 

I. Proper operation of the machine should leave a 
minimum of reinforcement on the weld and excessive 
reinforcement or overlap should be avoided. The slag 
formed on the weld serves, among other things, to slow 
the cooling. This slag must be left on until it curls or 
falls off by itself and is not to be chipped off prematurely. 

Where square-edged plates are used, it is well to 
mark a reference line a convenient distance from the 
edge from which the machine can be kept centered on 
the joint. Jn all cases the machine must be operated on 
tracks or equally effective guides should be provided. 

K. When automatic welding is employed the same 
precautions must be exercised as in manual welding. 
For example, craters should be chipped out and back to 
sound metal before continuing the weld. Intersections 
should be chipped off flush and veed if necessary before 
the second weld is run over. 


Welding in Cold Weather 


Cracks in welded structures are most common in cold 
weather, and the welding of important members should 
be undertaken with special precautions at low tem- 
peratures. It is impracticable to preheat all joints 
before welding, and the necessity for preheat depends 
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somewhat on the thickness of the material to be welded. 
However, the effects of cold weather can be overcome by 
applying heat to the plating until it is warm to the touch, 
or about 100° F. 

It is also advisable to protect the welding operation 
from strong wind which tends to blow away the gas 
shield around the are furnished by the coating of the 
electrode. 


Electrode Storage and Handling 


The coatings of some types of electrodes such as AWS- 
ASTM type E60-10 absorb moisture from the air rather 
quickly, especially after the cartons have been opened. 
Even a comparatively small amount of moisture in the 
coating appears to cause defective welds which may 
result in cracking. Electrodes should be stored in 
artifically dry rooms, either heated or air conditioned, 
or they should be dried out thoroughly immediately 
before use. Slow and uniform drying should be used to 
prevent the coating from chipping. Electrodes that 
have become soaked should not be used under any 
condition. 

The electrodes used today are of the coated type. 
The coating when melted by the heat of fusion forms a 
slag and heavy gases which envelope the molten metal, 
protecting it against the absorption of oxygen, nitrogen 
and other gases from the air. Care should be taken in 
handling electrodes to see that the 
coating is not cracked off as such elec- 


of a new vessel. Under these conditions there is often no 
freedom for the parts to move, and all contraction of the 
weld must take place by the “‘flowing’’ or stretching of 
the material. An improper repair can create a condi- 
tion worse than that which caused the fracture. 

As an illustration of a repair problem, assume that a 
sheer strake has fractured in a jagged crack and the deck 
stringer plate also has a short fracture (see Fig. 36). It 
has been decided to renew part of the sheer strake plate 
and weld the deck fracture. 

The following method of repair is described as one 
procedure that has been used with success, but it does 
not necessarily represent the only acceptable method: 

A. The gunwale connection and the shell seam are 
first released for about a foot beyond the new butts of 
the sheer strake. The crack in the deck is chipped out 
accurately to form a suitable welding groove and a hole 
drilled just beyond the end of it. 

B. Starting at the inboard end on the deck, the crack 
is welded up in blocks, completed both top and bottom 
before making the next block. After the first pass, the 
succeeding passes are lightly peened with a round-nosed 
tool while still warm to relieve~some of the shrinkage 
stresses. This peening should not be considered as tak- 
ing the place of thorough wire brushing which should 
precede peening. 

C. The new sheer strake plate, having been properly 
beveled and fitted in place, is welded first at one of the 
new butts, preferably with a double-V groove, two 


trodes should not be used on produc- 
tion welding. Electrodes should not 


~ 


be bent under any circumstances as 
bending cracks the coating. When 
working in close quarters, short stubs 
should be used. 


CUT GUNWALE 
WELO BACK 


Fairing of Structure After 
Completion of Welding 


A. All possible care should be 
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taken to maintain fairness during the 
welding process. 

B. No flame shrinking should be 
allowed on the shell or upper deck. 
Such shrinking may be used on bulk- 
heads, lower decks, deck houses and 


USHEER STRAKE 4 


PLAN AT GUNWALE 


miscellaneous light bulkheads. 

C. Fairing in locations where no 
shrinking is allowed should be handled ' 
with the greatest of care. Excessive 
deformation at a welded joint may 4 
be faired by cutting the weld, reliev- 
ing at the ends of the cut in the usual 
manner, fairing and rewelding. No ; 
fairing of this nature is to be done 
except under the direct supervision of 
the Surveyors of the American Bureau 
of Shipping and inspectors of the 
U.S. Maritime Commission. 


Sequences for Repairs 


_ In making repairs to fractures or 
inserting closing plates on new or 
repair work, particular care in using 
correct sequence is even more im- 
portant than in the normal erection 
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INSTRUCTIONS FOR SHIP WELDING 


J 
 SHEERSTRAKE DECK > 
\ 
FRACTURE IN 
ORIGINAL PLA 
/ 
facn 
CUT SEAM WELD BACK PASS OF FINAL BLOCK 


ELEVATION OF SHELL 


MAKE WELDS IN ORDER OF NUMBERS @) 
PROGRESS IN DIRECTION OF LONG ARROWS 
DEPOSIT WELD IN DIRECTION OF SHORT ARROWS 


IF FRAMES ARE WELDED, WELO NEW SHEERSTRAKE PLATE 
TO FRAMES BETWEEN WELOS © 


AND 


TYPICAL SEQUENCE FOR REPAIRS 
Fig. 36 
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welding the second butt. 


D. The seam is then welded using a step-back se- 


After 


from moving. 


quence, and finally, in the same manner, the gunwale 


connection, which should likewise be peened. 


Deep Fillet Welding Applied to 
Ship Construction’ 


operators working simultaneously from the top down on E. Where large panels are subassembled, their ay. 
opposite sides of the plate in step-back sequence, that 
is, depositing the weld upward in each block. 
this butt has been completed, the other butt is madeina 
similar manner, with peening of each pass except the first. 
If frames are welded they should be attached before 


tachment to the hull is somewhat similar to a repair jp 
that the weight of the panel, the tacking and strong. 
backing necessary to hold it in place, will restrain jt 
It is advisable, therefore, to use step- 
back sequence and peening when welding the butts 
between large panels of shell and deck not only in repairs 
but also ‘on new construction. 


By M. H. MacKusick, J. B. Hiatt and R. V. Anderson! 


department of the California Ship- 
building Corp. embarked on a program 
of testing and development based on the 
findings of the Lincoln Electric Co., Cleve- 
land, and reported in its bulletin No. 432, 
“**Pleet-Fillet’ Welding Technique for 
Speeding War Production,” September 
1942.* To avoid the use of trade names 
and to cover minor variations in the pro- 
cedure, the California Shipbuilding Corp. 
refers to this technique as “Deep Fillet,” a 
name derived from the unusual penetra- 
tion obtained. 
The development program covering the 
application of deep fillet welding consisted 
of three steps: 


[: October 1942 the welding engineering 


1. The accumulation of physical data. 

2. The establishment of production 
procedures. 

3. The application of these procedures 
to quantity production. 


The first two parts of this program and 
proposed procedure and policy relating to 
certain phases of the third part, have al- 
ready been covered in a previous article by 
the same authors, entitled “Deep Fillet 
Welding Technique and Application,” 
published in THz WELDING JOURNAL, June 
1943. 

In brief, the three fundamental features 
of this technique are: 

1. The proper welding current must be 
selected, which is measured for the sake of 
convenience and accuracy in terms of the 
amount of electrode consumed in unit time 
(burn-off rate in inches per minute). The 
proper burn-off rates for each design size 
of weld are given in Table I. 

2. The proper arc length and electrode 
angle are essential. A short arc is required 
and best results are obtained by lightly 
dragging the electrode with the coating in 
contact with the two plates at all times. 
The proper electrode angles in flat and 

* Several other welding equipment suppliers 
had independently developed similar processes 
and by now practically all are recommending it 
where it is applicable. Some of the cuts loaned 
through the courtesy of Jron Age. 

t Welding Engineer, Mechanical Engineer and 
Engineer-in-Charge Testing Laboratory, respec- 


tively, California Shipbuilding Corp., Terminal 
Island ,{Calif. 


TABLE | 


Procedure for Deep Fillet Welding 
Down-hand Position, Using AWS E-6030 Heavy, All-Mineral Coated 
Electrodes 


Flat Horizontal 
Recommended Travel Speed 
In. per Min. | Electrode 
Drawing Electrode Burn-Off 
Fillet Size Size Rate 
In. In. Flat | Horizontal | In. per Min. 
he Ae 12 10 1114 
she 12 | 10 | 15 
12 | 10 | 10 
12 10 11% 
the i, 12 | 10 121, 
| 12 | 10 | 14 
| i, She 12 | 10 12 


horizontal position work are shown in 
Table I. 

3. A high travel rate is essential to 
obtain the desired savings in time and ma- 
terial. If other features of the technique 
are adhered to, the strength of the weld 
will be independent of its gage size and the 
welding speed, provided good appearance 
and freedom from holes, cracks and under- 
cut are maintained. 

At the high travel rate, less material 
will be deposited per unit length of weld 
and the saving in welding time is obvious. 
Recommended travel speeds of 12 in. per 
minute for flat position and 10 in. per 
minute for the horizontal position have 
been established in an effort to secure uni- 
form results and at the same time take 
advantage of reasonable savings in time 
and materials. 

The use of a watch or other timing de- 
vice to check welding speeds on the job is 
impractical, and after an operator has de- 


veloped reasonable facility with the tech- 
nique, timing of travel speed is unneces- 
sary. A close check can be maintained on 
welding speed by using the data in Table 
II, which shows the length of weld deposit 
that will be obtained if the proper current 
and recommended travel speeds are used. 

The use of clip-on type ammeters offers 
a quick check on welding currents. This 
type of meter overcomes the disadvantage 
of meters directly connected to the welding 
generator in that it is less subject to shock 
and abuse, and by using the same meter 
for a large group of machines any varia- 
tion between meters is obviated. Further- 
more it can be readily calibrated daily. 
It should be noted that different electrodes 
require different currents to consume the 
same amount of electrode per unit time. 
Hence, a table of currents and burn-off 
rates is desirable for use with the meter. 
An alternative procedure is to recalibrate 
the scale of the meter to read directly in 
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TABLE II 


Length of Weld Deposit When Operating at Proper Travel Speed 
With Proper Electrode Burn-Off 


In. of Weld Deposited 
| Electrode With Proper Current and 
Design Electrode Electrode Burn-Off Recommended Speed 
Fillet Size Size Length Rate Leaving 2 in. Stub 
In. In. In. In./Min. | In. per Min. 
| FLAT POSITION 
14 11% 1214 
5 
18 11% 1634 
the 18 1214 151/, 
| 14 133, 
i | 5h 18 12 | 16 
| HORIZONTAL POSITION 
| | 
| 14 1% 1014 
vA | ie 14 15 8 
3° | «18 11% 
18 1214 123%, 
18 14 | 11% 
| 18 12 131, 


burn-off rate for any electrode or group of 
electrodes. 

Immediately upon completion of the de- 
velopment work in the laboratory, steps 
were taken to put this technique into 
operation. Since only a few of the 7500 
welding operators in this yard had had any 
connection with the proposed procedure, 
the first step in the application to produc- 
tion was a training and certification pro- 
gram for electrodes and operators. In the 
absence of any approved qualification pro- 
cedure by the American Bureau of Ship- 
ping or the AMERICAN WELDING SOCIETY 
specifically applicable to fillet welds, the 
following procedures for qualification of 
electrodes and operators were drawn up 
by the welding engineering department and 
approved locally by representatives of the 
American Bureau of Shipping and the 
United States Maritime Commission. 
These procedures have subsequently been 
approved by David Arnott, chief surveyor 
of the American Bureau of Shipping, to 
cover qualifications at the California 
Shipbuilding Corp. only. 

“Qualification of Welding Electrode: A 
cross-welded specimen using !/2-in. plate 
with four fillet welds of */s-in. nominal 
fillet size shall be made up using Fleetweld 
No. 11 '/;-in. rod for two fillet welds on 
one side of the specimen. Welding tech- 
nique shall be in accordance with approved 
Fleet Fillet procedure. (Burn-off rate of 
11'/, in. per minute) The welding rod to 
be qualified shall be used to make the two 
fillet welds on the opposite side of the 
specimen using exactly the same welding 
technique as used for the two Fleetweld 
No. 11 fillet welds. The two fillet welds 
made with the rod to be qualified shall be 
made on cold material; i.e., no heat from 
other welding shall exist in the sample. 
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“Two tensile samples and one etched 
sample shall be cut from the specimen 
samples to be at least 1 in. in length. 
Average tensile strength shall be at least 
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equal to that strength as given for Fleet 
Fillet */;-in. nominal size weld (28,100 Ib. 
per lineal inch). Etched samples shall 
show proper penetration and appearance 
of weld structure.” 

“Qualification of Welding Operators for 
Deep Fillet: Welding operators shall be 
certified to use the deep fillet welding tech- 
nique as follows: 


“Welding operators shall be given in- 
structions in technique of deep fillet weld- 
ing by competent instructors and shall 
deposit on a test sample a deep fillet weld 
of predetermined size. Weld sample shall 
be macroetched on a cross section and 
weld must measure with at least the pene- 
tration that is required for selected size of 
weld. The appearance of the weld deposit 
must be sound and free from defects. 

“Qualified welders shall be furnished 
with qualification cards signed by the 
testing engineer showing operator’s name 
and badge number and indicating that he 
has been tested and qualified for deep 
fillet welding technique.”’ 

It will be noted that Fleetweld No. 11 
electrode manufactured by The Lincoln 
Electric Co. was selected as a comparative 
standard. This selection was made be- 
cause the Lincoln company had already 
secured tentative A. B. S. approval of this 
electrode for use with the Fleet Fillet 
welding technique. The American Bureau 
of Shipping has suggested the use of con- 
ventional fillets for comparative purposes, 
but the data available comparing the rela- 
tive strength of deep fillet welds made with 
Fleetweld No. 11 and other AMERICAN 
WELDING Soctety Type E 6030 electrodes 


Fig. 1—Vertical 
Floors Deep Fillet 
Welded to the Top 
Tank of an Inner 
Bottom Section 
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Fig. 2—(Top) Forward Deep Tank Flat Welded with Deep Fillet Welding Technique 
and (Below) Detail of Typical Weld 


and conventional fillets are so extensive 
that there is very little difference between 
standards. The American Bureau of 
Shipping has made the choice of standards 
optional with the California Shipbuilding 
Corp. 

To date 12 different brands of elec- 
trodes of the A.W.S. E 6020 and E 6030 
classifications have been tested under the 
above qualification procedure and ap- 
proved by the local surveyor of the Ameri- 
can Bureau of Shipping for deep fillet 
welding in this yard. These 12 brands 
cover most of the principal manufacturers 
of welding electrodes in the United States. 


1000 


Training Operators 


Nearly 2000 welding operators have 
been instructed and tested under the con- 
ditions outlined in the paragraph on quali- 
fication of welding operators. The policy 
of instruction has been to give a short dis- 
cussion of the principal features of the 
technique to a small group of men followed 
by a demonstration where each individual 
can try his hand. After running two or 
three electrodes the average operator is 
quite capable of making an acceptable test 
plate. However, unless the operator is 
unusually attentive and interested it is 
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usually necessary to give additional in. 
struction on the job. It has been the policy 
of the production departments in this yar 
to have instructors closely supervise th 
work of all deep fillet crews. These jp. 
structors keep careful watch on the elec. 
trode burn-off of each man and corre 
electrode angle and see that proper ap 
length is maintained. This “on-the-job” 
instruction makes it much easier to show g 


. man the results of his errors and to give 


additional information on handling craters, 
weld failures, undercut, etc. The mos 
common tendency is for the operator to 
hold too long an arc, the usual result of 
which is serious undercutting. 

The present policy of this company is to 
include instruction in flat and horizontal 
fillet welding using both conventional 
technique and deep fillet technique as a 
part of the regular course of instruction in 
its training school. 

An identification card is issued to all 
deep fillet operators showing the operator's 
name, badge number and the positions in 
which he is qualified. The reverse of this 
card (see Table I) shows the proper elec- 
trode angles, speed and burn-off rate for 
the most common applications for handy 
reference. 


Application Gradual 


The application of these procedures to 
production welding has been a gradual one 
In general, the procedure has been to se- 
lect first those sections with the greatest 
amount of flat or horizontal position work, 
which are to be welded with continuous 
fillet welds. When a subassembly has been 
selected for welding with the deep fillet 
technique, a letter is sent to the company 
inspectors, the A. B. S. local surveyors and 
the U. S. Maritime Commission inspectors, 
notifying each group of the change in 
welding procedure and the hull on which 
the change will be effective. This infor- 
mation must also be turned over to all 
groups concerned with the inspection and 
mark-up of unsatisfactory welding s0 
that these welds will not be marked to be 
built to gage size after the subassembly 
reaches the shipways. In addition, repre- 
sentatives of the American Bureau of 
Shipping and the U. S. Maritime Com- 
mission are present as each new subas- 
sembly section is welded for the first time 
They deserve a great deal of credit for 
the helpful consideration they have shown 
during the stages of application of this 
technique. 

The plate shop handles nearly all 
welding on positioners and has been able 
to adopt the technique much more readily 
than other welding groups in this yard. 
This is because the shop uses a smaller 
group of welders, all of whom have had 
more experience in the use of large elec- 
trodes of the type used with this technique. 
In addition, work in the flat position has 
less operating difficulties than that in the 
horizontal position. The plate shop weld- 
ers were able in a few weeks to convert 
nearly 100% of their flat and horizontal 
position continuous fillet welding to use 
of the deep fillet technique. The only 
exceptions have been a few subassemblies 
of such size and rigidity that they do not 
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lend themselves to fabrication with the 
technique, as will be noted later. 

The adoption of these procedures by 
the subassemblies division has been a 
somewhat slower process. This has been 
due to a larger group of personnel to be 


Strained and a more cautious approach, 


prompted by the greater technical diffi- 
culties encountered while welding in a 
horizontal position. At this time, nearly 
all of the flat and horizontal position con- 
tinuous fillet welds are made using this 


S technique in both the shop and on the as- 


sembly skids. This represents about 
16,000 ft. of daily production welding or 
approximately 30% of the production of 
these two departments. A large portion of 
the remaining work performed by these 


departments is increment welding which 
S has not yet been changed over because of 


the problem of filling craters. 
Figures 1 to 3 show examples of the deep 


| fillet welding now being produced at this 


yard and the conditions under which they 
are being made. Studies made at random 
show that actual savings of more than 
35% in time and 25% in electrode con- 
sumption can be realized by using this 
technique. For example, on a small bulk- 
head section where channel and H-section 
stiffeners are continuously welded, the 
following figures were obtained on 1365 
t. of §/, in. horizontal fillet welds: 


Con- 
ventional Deep Saving, 
Technique Fillet Savings % 
Man-hours 145.6 91.0 54.6 37.5 
Pounds of elec- 
trode 459.5 292.5 117.0 25.5 


tional technique used in welding the ver- 
tical floors to the tank top, was replaced 
by deep fillet. In this section, 1335 ft. of 
and */s-in. horizontal fillet welding 
was changed to the deep fillet technique. 
The following savings were realized: 


On one of the larger inner bottom sec- 
tions, weighing 34°/, long tons, conven- 


Fig. 3—Typical Bulkhead Welded Using Deep Fillet Welding Technique 


Con- 
ventional Deep Saving, 
Technique Fillet Savings % 


Man-hours 292 160 132 45.2 
Pounds of elec- 
trode 485 360 196 


One welding operator has been known 
to produce 290 ft. of sound °/;.-in. horizon- 
tal fillet weld in an 8-hr. shift. While this 
is an exceptional case, it is indicative of 
the ultimate result which can be attained. 
This figure should be compared with the 
daily average of about 60 ft. for all welders 
in the same department. 

While the savings illustrated above are 
considerable, they are by no means the 
ultimate. As the welding operators de- 
velop more skill, savings in man-hours and 
electrodes should approach 50% for con- 
ditions where this technique is applicable. 


A. C. Preferred 


Deep fillet welds made with alternating 
current are superior in strength to welds 
made under the same conditions of burn- 
off rate with direct current. For this 
reason and because of the elimination of 
magnetic blow, the use of alternating cur- 
rent is preferred to direct current, although 
either type of equipment will produce 
satisfactory results. 

In selecting machines for either alter- 
nating or direct current it should be re- 
membered that the required currents will 
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be from 15 to 25% greater than those 
normally used to produce the same size 
weld using conventional technique with 
one or more passes. We have found thata 
d.-c. machine of 300 amp. rated capacity 
will be satisfactory for '/,- and */,-in. 
deep fillet welds, but this equipment will 
probably not produce satisfactory deep 
fillet welds for the */;-in. size. There may 
be exceptions to this statement if the 
operating factor of the equipment is low 
or the overload capacity of the particular 
machine is high; however, for machines 
which are to be operated 168 hr. per week 
at an operating factor of 40% or greater, 
a machine of 400 amp. capacity is recom- 
mended for */s-in. deep fillet welds. 

Electrode holders should be selected on 
the same basis as the machines. Holders 
of 300 amp. nominal capacity, when carry- 
ing 250 to 275 amp. at a high operating 
factor, become so hot that operators can- 
not hold them even with heavy gloves. 
For all deep fillet welding, with electrodes 
of '/, in. diameter or greater, 500-amp. 
holders or holders with forced ventilation 
are recommended. 

Care must be taken with ground connec- 
tions to see that they are made secure and 
with a sufficient area of contact to carry 
the heavy currents without excessive heat- 
ing. Ground bus made of steel strap is to 
be avoided unless it is known that the 
current-carrying capacity is sufficient to 
prevent heavy power loss. When ground 
connections are welded into place, the 
cross-sectional area of the weld metal 
must be equal to the cross-sectional area 
of the steel strap. 


Major Production Difficulties 


The work of development 
on this technique and the 
experience gained in the train- 
ing of operators indicated that 
welds made following these 
established procedures were 
particularly susceptible to the 
common problems of all 
welding. The problems of 
eliminating cracks, holes and 
undercut and of maintain- 
ing distortion within allowable 
limits are constantly reoccur- 
ring. Fortunately, however, 
most of the causes of these 
difficulties are known even 
though the mechanism of the 
failures may not be known. 

In general, it has been 
found that most of the un- 
satisfactory welding can be 
traced to the welding operator 
who has been lax in conform- 
ing to procedures. Many 
welding operators, particu- 
larly those who have been 
welding for a year or less and 
whose training has not been 
well founded, fail to recognize 
the advantages of the drag 
technique. The feeling seems 
to exist with a majority of old 
time operators that a weld 
cannot be made unless the 
electrode is oscillated. These 
conditions emphasize the im- 
portance of careful and 
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Fig. 4—Side View of Setup for Fillet Weld Contraction Test, Showing Location 
deForest Scratch Strain Gages 


thorough training and adequate and in- 
formed supervision. More will be said 
later about the causes and cures, but it is 
significant to note that adherence to pro- 
cedure is the most important factor in the 
elimination of unsound deep fillet welds. 

Considering the more important prob- 
lems in detail, the most common and most 
easily corrected fault in horizontal fillets 
is undercutting of the vertical plate. In 
almost all cases this condition results from 
incorrect technique although undercut 
often accompanies other conditions of un- 
satisfactory welding caused by damp coat- 
ing or coating not up to specifications. It 
was found early in our investigations that 
an electrode angle of 30° to the vertical is 
essential to prevent undercut even though 
a greater angle might seem more desirable 
to increase penetration. Secondly, at the 
high heats used with this technique, the 
shortest possible arc is necessary for con- 
trol. This means that a drag technique 
with continuous contact between the elec- 
trode coating and both plates is essential. 
When the condition of the coating is the 
cause of undercut it is usually the result 
of inadequate arc stabilization accom- 
panied by improper slag coverage. 

The presence of blowholes in the finished 
weld fortunately is not common. During 
our early investigations considerable diffi- 
culty was experienced with this condition 
but since the application of these tech- 
niques to production welding, cases of this 
condition have rarely been reported. It 
has been noted that certain brands of 
electrodes are more susceptible to the 
formation of blowholes than others. Again 
this condition may be related to the mois- 
ture content of the electrode coating. A 
second cause of blowholes has been found 
to be improper grounding of the work. 

The formation of cracks is by far the 
most important condition affecting the 
production of sound welds using the deep 


1002 


of 


fillet technique. These cracks form at 
temperatures in the blue brittle range and 
are always longitudinal to the weld. In 
the cross section the cracks start at the 
surface at approximately the center of the 
weld and tend to curve off into the plate 
(usually the vertical). No root cracks or 
transverse cracks have been encountered 
in over 3000 specimens. Once a weld has 
cooled through the blue brittle range with- 
out the formation of cracks, no failure 
has occurred as a result of subsequent 
welding operations on the opposite side 
of the plate or as a result of subsequent 
loading of the welds within the limits of the 
designed stress range. 

When first encountered, these cracks 
were attributed to a high sulphur content 
because of the similarity of the failure to 
failures encountered in Unionmelt weld- 
ing known to be particularly susceptible to 
sulphur cracks, and the similarity of the 
techniques to that of Unionmelt. This 
theory is not well substantiated by analy- 
sis of plate material, and sulphur is now 
considered to be only a contributing fac- 
tor to weld failures. Evidence tends to 


favor the theory that the cracks are stree 
failures in the blue brittle range caused py 
a combination of stresses introduced jn, 
members by the fitting procedures ap, 
welding stresses inherent in the welding 
process. This condition is aggravated by, 
combination of residual welding stress 
which result from the unusual distributio, 
of heat produced by the increased welding 
speed. 


Moisture in Coatings 


Again, conditions in the electrode coa; 
ing tend to aggravate the tendency toward 
cracking. Improper slag coverage tend: 
to form cracks in exposed portions of the 
weld while protected portions of the same 
weld do not crack, proving that cooling 
rate has an effect although no evidence of g 
martensitic structure has been found 
Unusually high moisture content of elec 
trode coatings seems to favor cracking 
The critical range of moisture in the coat- 
ing seems te be between 4% and 4.5%, 
Moisture content less than 3% gives no 
difficulty from cracking although its effect 
may be apparent in the arc characteristics 
and in the slag formation. A maximum of 
2% moisture content should be established 
to avoid difficulties on this score. 

Moisture absorption of electrode coat- 
ings is a much more troublesome problem 
at this time than it was a few years ago 
when hermetically sealed metal containers 
were available. That the present card 
board containers are effective in excluding 
moisture for only about two weeks has been 
demonstrated in our laboratory in a re- 
cent series of tests, the results of which are 
tabulatedin Table III. Furthermore, once 
moisture has penetrated this type of con- 
tainer, the only effective way of drying or 
rebaking the electrode is to remove it 
from the carton. The additional handling 
is an expensive and time-consuming opera 
tion. 

The most effective method of control of 
moisture is to provide warehousing with 
controlled humidity. In many climates, 
warehouse space heated to a few degrees 
above ambient temperature may be suffi 
cient, while in extreme climates complete 
air conditioning may be required 

In addition, care must be taken in the 
distribution system since the moisture ab- 
sorption is accelerated when electrodes are 
removed from the containers. Distribu 
tion stations should be provided with 
heated cabinets for buik storage. Stocks 


TABLE Ill 


Results of Tests on Moisture in Electrode Coatings in and Out of 
Containers 


Moisture 
Electrode as 1 

Received | Day 
E 6010 in container 1.12 1.12 
“A”, E 6010 removed from container. . 1.12 5.07 
“B”, E 6012 in container 0.96 0.96 
“B”, E 6012 removed from container... 0.96 2.21 
“C”, E 6030 in container : 0.45 0.45 
“C”’, E 6030 removed from container... 0.45 1.97 
“D”’, E 6030 in container ; 0.46 0.46 
“D”", E 6030 removed from container . 0.46 1.76 


NOTE : All figures are in per cent. of contained moisture. 
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MOISTURE AT THE END OF: 


2 3 4 
Days | Days | Days | Days | Days Days Days 
1.12 1.12) 1.16 1.65 | 3.05 | 5.06 6.50 
7.35 | 7.45 | 7.50| 6.93 | 7.52) 7.25 7.4 
0.96 0.98 1.08 | 2.05 3.21 4.18 | 5.23 
3.03 | 4.12/| 4.61 4.85 | 5.20) 5.75) 5.57 
0.46 | 0.48 0.45 1.35] 2.40) 3.65 4.8 
2.91 3.34 | 3.97| 4.63} 5.59 | 6.25, 6.0! 
0.46 | 0.50) 0.58/ 1.21] 2.03 3.21, 4.40 
2.81 | 3.18 | 3.72| 4.41 | 5.32 | 5.45 5.86 
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moved from containers or heated storage 
‘nould be distributed within 48 hr. after 
eheir removal. 

‘The most important single cause of 
cracking is that of stresses introduced into 
ites members through the fitting procedure. 
When steel is fitted with metal-to-metal 
-ontact at all points, weld failures result 
from one of two causes: 


|. Stresses introduced into the members 
by dogging too tightly. 

9. Shrinkage stresses in the weld in- 
capable of release because of the 
restraint of one member with re- 
spect to the other. 


For example, one of the first applications 
{ deep fillet welding was in the welding of 
sde-shell frames (12 x 4-in. by 40-lb. 
hannels) to subassembled side-shell panels 
96.8-Ib. plate). The weld used was a °/i6- 
in. (design size) horizontal fillet. Fitting 


Fig. 5—End View of Setup Shown in Fig. a 


practice called for metal-to-metal contact 
at all points as is the practice for similar 
riveted construction. Under these condi- 
tions weld failures were so numerous that 
the use of deep fillet welding was discon- 
tinued in favor of a two-pass conventional 
fillet. Later, the fitting procedure was 
changed to allow a feeler to pass between 
the channel and the plate in an effort to 
reduce distortion. With this fitting pro- 
cedure, failures in the welds are rare with 
the deep fillet technique. 

To measure the amount of contraction 
to be expected under these conditions, a 
section was set up in the laboratory as 
shown in Figs.4 and 5. A space of approxi- 
mately 0.050 in. was left between the 
channel and the plate which was carefully 
measured with feeler gages at five points at 
which De Forest scratch strain gages were 
attached to follow the behavior of the 
section during welding. The specimen was 
welded with a ®/\.-in. (design) horizontal 
deep fillet weld continuously from one end 
to the other, first along the toe and then 
at the heel of the channel. The specimen 
was cut adjacent to the five established 
points so that feeler gage measurements 
could again be made. These measurements 
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Fig. 6—Longitudinal Hatch Girders, Showing Longitudinal Stiffeners in Place 


together with the record of the strain gages 
indicate that the average contraction in 
the weld is about 0.010 in. at the toe and 
0.020 in. at the heel. 


Proper Fitting Required 


The results of this test and experience 
in production show the need for proper 
fitting technique. To insure proper fit 
with adequate clearance but without ex- 
cessive gap, a ‘Go and Not Go’”’ feeler 
gage is recommended, which has an end 
thickness of 0.015 in. which will enter the 
gap and a blade thickness of 0.025 to 
0.030 in. which will not pass. The use of 
easily compressible or combustible spacer 
materials such as paper or string may be 
found advantageous in determining and 


maintaining the proper gap. Such mate- 
rials will be largely consumed during the 
welding operations and any remaining 
material will not produce sufficient re- 
straint to cause weld failures. 

Some early applications of these pro- 
cedures indicated that many large and 
extremely rigid sections would not be 
suitable to this technique. A_ typical 
example is the longitudinal hatch girder’ 
shown in Fig.6. Welds joining the channel 
stiffener to the girder invariably would fail 
during the welding operation. It was later 
found, however, that deep fillet welding of 
other extremely rigid members, such as H- 
sections to bulkheads and inner bottom 
floors to tank tops—all extremely rigid 
and critical to weld failures—could be ac- 
complished successfully by a skip pattern 


Fig. 7—Longitudinal Hatch Girder Placed in Jig Before Tacking, Showing Deflection 
of the Web Before Fitting 
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in which all tack welds were left in place 


few cases where extremely close tolerances 


spacing is preferable. The electrode angles 

until a sufficient amount of production are required as to fairness. Satisfactory must be maintained within a few degree; of 
welding was completed to hold the two work is being produced with only the those established. This means that = 
members in place. It was found that the normal precautions to prevent distortion. must be taken when welding on the inside 
high welding currents were sufficient to Residual stresses are a much more seri- of most inverted angles. Angles with equal 
completely melt out the tack welds. ous problem and it is much more difficult legs cannot be welded with this te hnique 

This procedure was applied to the hatch to find a solution. About all that is known in the horizontal position because the 
girders mentioned above and they were is that deep fillet welds behave in very electrode angle to the vertical would haye 
successfully welded. Figure 7 shows the nearly the same manner as conventional to be 45° or more. 
deflection which this member possesses welds in all laboratory tests of tension and The limitation of deep fillet welding y, 
when unsupported in the welding jig. bending, with a slight advantage favoring continuous welds is the result of a pe 7 
It is a good indication of the amount of the deep fillet welds. Tension tests made tion problem—that of filling craters ns 
stress to which the hot weld deposit may at intervals of 1 to 3 min. after welding interrupted runs—rather than a technica) 
be subjected when a tack weld is released. indicate that there is little, if any, differ- problem. Without the use of a “eon 

Distortion and residual stresses are ence in strength before and after cooling eliminator,” it has not been found eco- 
important factors in all welding which nomical to make increment welds with 
much receive careful consideration. As posnts to the conclusion that the plastic this technique. 
in the case of conventional welding, very behavior of deep fillet welds is the same as Ths endetience guleed throuch 1 
for conventional welds. The authors are gh this 
little is known about the plastic behavior ' ne : work has enabled us to develop related 
under the conditions imposed. It can be of the opinion that deep fillet welds are techniques for increment welds wherein 
readily demonstrated that with the deep equal to conventional illet welds of com- fillets up to and including */, in. can be 
fillet technique distortion transverse to the parable size in all respects. 


weld (angular distortion) is materially 


reduced in plates up to '/2 in. in thickness. Limits of Application 


This is the result of the more uniforn 


made to size in one pass, which repre. 
sents a considerable increase in welding 
speed over conventional multipass tech- 


hrink As explained earlier in the report, there This work, however, is beyond 
ey ee oe ee ae —— was a period in the development of this the scope of this paper. 
tion of heat. Etched specimens show that f 
technique when it appeared that some The authors wish to express their appre- 
the heat-affected zone of deep fillet welds 
limitations would have to be imposed be- ciation to the supervisors and personnel 
pg ne ee Sanne aD cause of rigidity and size of sections. Sub- of the various welding departments at the 
sequent developments have shown, how- California Shipbuilding Corp. for their 
Tests made to determine the longi- ever, that there need be no limitation on cooperation. Particular recognition should 
tudinal distortion have been very con the production of flat and horizontal con- go to George H. Davies, superintendent of 
clusive. Longitudinal distortion seems to tinuous fillet welds provided procedures the plate shop, and to J. H. Moses, super. 
lie within almost the same limits for both can be followed as outlined. This means intendent of subassemblies, who contrib- 
conventional and deep fillet welds. that fit-ups must have less than */39-in. uted generously of their personnel so 
Fortunately, distortion has not shown gap and must not show metal-to-metal that a thorough testing program might be 


itself to be a serious problem except in a 


contact at all points. 


A 0.010 to 0.015 in. carried out. 


Discussion on 
“Fractures in Welded 
Ships” 


By R. T. Young! 


HE author states that the effect of a residual com- 

pression stress in the second deck of a two-deck 

vessel when the ship is in the hogging condition is 
to eliminate the value of the second deck as an effective 
strength member of the hull girder until that residual 
compression stress has been reduced to zero. This 
would be true only if the second deck at the ends of the 
vessel were free, meaning that compression only could be 
transmitted from the verticals to the second deck. In 
Fig. 1 of Dr. Tutin’s article (shown herewith) this would 
mean that CD was not connected to either AE or BF. 
A tension stress in AB then would cause compression in 
CD, but a compression stress in AB would not cause a 
tension stress in CD. 

The second deck of a two-deck ship is connected to the 
stem and stern frame. Therefore, if we have a residual 
compression stress in the second deck we must add a 
tension stress to reduce that compressive stress to zero. 


* Paper by Dr. John Tutin in the September 1943 issue of Tuk Wetpinc 
JOURNAL. 


t Surveyor, American Bureau of Shipping. 
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Where then does this tension stress come from? Obvi- 
ously it must come from the external or live loads which 
produce the hogging of the vessel. The second deck 
must act, therefore, as a part of the hull girder absorbing 
some of the load from the bending moment. It is true 
that no tension stress will be present in the second deck 
until the residual compressive stress has been neutralized. 
This neutralizing force comes from the bending moment 
of the hull girder which therefore reduces the load which 
has to be carried by the upper deck. 

Supposing the vessel is in the sagging condition and 
we still have the same residual compressive stress in the 
second deck, the resultant combined stress, i.e., that due 
to residual stress plus that due to live load, may very 
well cause a serious buckling in the second deck. 


B 

D 

E F 
Fig. 1 


A residual compressive stress in the second deck as 
stated by the author would most likely be induced as 4 
result of a residual tension stress in the upper deck. 
This is the case which is most frequently found as a result 
of the present methods employed in building all-welded 
ships. A residual tension stress in the upper deck is 4 
serious handicap to the hull girder in the hogging condi- 
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tion because the live load tension stress and the residual 
tension stress are additive. The resultant combined 
stress may exceed the ultimate strength of the steel. 
if “notch effects’ or ‘‘stress raisers’’ are present in the 
structure the breaking strength is reached sooner. 

There is considerable difference in analyzing the causes 
of a structural failure which has occurred while a ship is 
in service and one which occurs during construction of the 
vessel. In the former case the fracture usually occurs 
at a point in the structure which is known to be highly 
stressed in service such as the sheerstrake or main deck 
stringer plate or the bilge plate—these being the extreme 
fbers of the hull girder. Here the stress due to live 
loading at the point of fracture can be computed and at 
least an approximate value of the residual stress be 
found. 

When failures occur while a vessel is still under con- 
struction on the ways we do not-have quite as much 
foundation on which to begin an analysis. External 
loading, if present, is not as easy to evaluate; this might 
be present as a result of a number of factors such as 
tanks full of water under test, uneven support from keel 
blocks or shores or even undue force exerted by strong- 
backs or shipfitters jacks. Stresses from such live loads 
are difficult to compute and sometimes it is impossible 
to tell whether they are present or not. Under the as- 
sumption, however, that a completely riveted ship would 
be subjected to the same live load stresses we may blame 
structural failures on welded ships during construction 
on residual or locked up stresses only. 

Careful examination of such failures and analysis of 
the results will usually lead to the cause. The most 
common of these causes being: 


1. Improper welding sequence followed. 

2. Poor fitting resulting in the necessity for excessive 
amounts of deposited weld metal causing ex- 
cessive or unevenly distributed shrinkage. 

3. Unsound secondary welding which has failed and 
due to lack of a “‘barrier’”’ the failure has ex- 
tended into an adjacent primary strength mem- 
ber. 


Excessively cold weather will certainly help to cause 
failure in combination with any one of the above causes 
and in certain cases may be directly responsible for a 
fracture. 

Present procedure followed in building all welded ships 
necessitates making the welded connection between the 
upper deck stringer plate and the sheerstrake last, after 
all the rest of the hull girder structure is tied in. Any 
residual stresses remaining at this point are serious due to 
the fact that it is also one of the most highly stressed 


| points in the hull girder due to service loads alone. 


Some sort of stress relieving of this connection therefore 


| Seems advisable. Peening before the weld metal has 


completely cooled is the most practical means of ac~ 
complishing this that we now have at our disposal. 
The ideal welding sequence would call for a shell seam, 


_ located at, or approximately at, the neutral axis of the 


hull girder and running the entire length of the ship, to 
be welded last. Residual stresses in such a seam would 
not be so serious, as live load tensile and compressive 
stresses at this point are theoretically zero. 

If some means can be devised for keeping the upper 
and lower halves of the ship entirely separate and weld- 


| ing from the flat keel up to this neutral axis seam and 
» from the center line of the upper deck down to the neutral 


axis seam a considerable step will have been taken in the 


| tight direction. 


Dr. Tutin’s article has certainly presented a difficult 
subject in a very simple and understandable form and is 


a definite contribution to the science of designing and 
building all welded ships. 


The opinions set forth in this discussion are those of 
the writer and in no way reflect the policy of the Ameri- 
can Bureau of Shipping. 


From Showcases to Ship 
Ventilators 


By W. A. Pruett! 


turing company changing over to cowl ventilators 

for Liberty ships, but that is exactly what Weber 
Showcase and Fixture Co., of Los Angeles, has done to 
aid in the war effort. Our job is to stamp, weld and finish 
over 20,000 cowl ventilators for the hundreds of 10,000- 
ton Liberty ships being constructed in shipyards from 
Washington to Maine and to do the job faster than it has 
ever been done before. 

A swift and sure method of producing these ventilators 
was our first and most important problem. We designed 
and built completely by are welding what we believe 
to be the world’s largest deep-drawing press. This press, 
weighing 250 tons, stands four stories high, and embodies 
features that have never been incorporated in a die- 
stamping press before. 


(): would hardly think of a showcase manufac- 


When forgings for the four corner posts were not avail- 
able and delivery of specially made forgings could not be 
assured in the allotted time, Jack Gantz and W. A. 
Pruett, engineers, and Fred and Karl Weber, all of the 
Weber Co., turned to arc welding for the fabrication, using 
H-column construction, with structural steel, eliminating 
the forgings. 

* The above article was one of the prize winning entries in Hobart Bros. 


Co., Arc Welding News Contest. 
Research Engineer, Weber Showcase and Fixture Co., Los Angeles, Calif. 
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In the actual construction of the ventilators, it marks 
the first time that they have been drawn on a press. 
Formerly, ventilators had been formed by the “Lobster- 
back” method, involving riveting which eventually 
weakens the structure due to rusting of the rivets. In 
our ventilators there is no riveting and the welds are as 
strong as the sheet itself. 

After the blanks are cut and drawn the two halves of 
the ventilator are arc welded together, bottom and face 
are trimmed, and collars are rolled and welded for the 
vent. Here again, a little experimentation revealed we 
could short cut the more obvious process of using slotted 
pipe. We constructed a series of roller dies which would 
form 11-gage steel ribbons into the desired shape. Six 
sets of rolls driving from the same gearing progressively 
squeeze the steel ribbon into pipe with a '/s-in. slot. We 
then have a straight pipe to be rolled into a circle, causing 
the slot to close. Arc welding closes the loop. Next, the 
welded ring is rolled over a tooth which opens the slot 
once more. The strengthening ring now is driven with a 
hammer slotwise over the edge of the ventilator, and arc 
welded in place. Incidentally, this yields an excellent 
joint whose remaining cracks and crevices fill with hot 
zine during galvanizing. 


Similarly, a band of steel measuring '/2 x 2 in. now 7 
rolled and welded closed, slipped over the sleeve of th 
funnel and arc welded. This band not only strengthens 
the structure as a whole, but readies the sleeve for gt. 
tachment to the funnel proper at a later time. Welding 
the vent to the funnel may take place in our plant or at 
the shipyard. The former practice generally prevail. 
now. 

When the funnel is complete, we grind the weld ang 
bead and sandblast preparatory to obtaining maximym 
results from the galvanizing job. Finally screens are 
installed, thus serving the dual purpose of collecting de. 
bris and breaking the force of water when the ships are 
plowing through heavy seas. These ventilators are byjlt 
to withstand the roughest usage. They are vital to ef. 
ficient operation of the Liberty fleet. 

We are making five sizes of round funnels, from 10 to 
24 in. out of 16 gage cold-rolled steel and the 24- and 30. 
in. ovals and 36-in. round funnels are of 14 gage. We are 
turning out a secret number of ventilators at a secret 
rate for a secret number of ships. We believe we are 
contributing an important bit to construction of the 
Liberty ships, in which we rightfully take much pride, 


General 


HE last several years have seen a remarkable ex- 
pansion in applications of flame cutting of heavy 
sections. While such operations were started as 
early as the first world war, it is only recently that heavy 
cutting has been executed on a production basis. An 
example of early heavy cutting, in 1921, is seen in Fig. 1 
showing an 18-in. deep cut, 82 in. long, for the purpose of 
removing unwanted counterbalance on the throw of a 
mill shaft in our plant. At that time this was an unusu- 
ally deep cut. 

For the infrequent heavy cuts that were made, a tre- 
mendous amount of energy, time and expense were in- 
volved in assembling equipment, setup and manifolding 
gases. As a result the overhead was too great to make 
heavy cutting an economical operation, however suc- 
cessful it may have been technically. The combined 
cutting and lancing of a large sink head, or the occa- 
sional cutting of a relatively heavy section for main- 
tenance were about the extent of the application. 

Today, our present wartime needs for fast delivery of 
heavy steel products made it mandatory to flame cut 
sections, in almost unlimited thicknesses, on a production 
basis. Thus lancing has been eliminated, both due to the 
expense involved, and because of the poor tolerances at- 
tendant upon the operation. It was necessary to de- 
velop, or adopt, new technique and equipment to ac- 
commodate torch cutting for such operations as those en- 


oak emt at the Annual Meeting, A.W.S., Chicago, IIl., Oct. 18 to 21, 
t Bethiehem Steel Co., Bethlehem, Pa. 


Flame Cutting Heavy Sections and 
Large Diameters 


By R. L. Deily and E. Benyo! 
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countered in the 17'/2-in. deep bevel in the forged press 
die block in Fig. 2 and the cutting of the 35-in. deep face 
of the massive forged steel crosshead slides in Fig. 3, 
without the aid of the lance. 

Since torch cutting, particularly on heavy sections, is 
still an art, no general agreement exists as to what range 
of thicknesses or conditions constitute heavy cutting. 
One method of clarifying the definition of heavy cutting 
is to consider it in relation to two limits, both of which are 
interrelated. The first is tolerance (in respect to cutting 
to a predetermined layout), and the second is thickness of 
material being cut. For the most part we will deal with 
cutting sections with relatively wide latitude in toler- 
ances. On this basis, flame-cutting may be said to be 


Fig. 1—Example of Early Heavy Cutting, 1921 
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Fig. 2—17'/2-In. Bevel Cut on Die Block 


Fig. 3—Crosshead ‘Slides, Torch Profiled Through 35-In. 


on 


“heavy” starting with sections upward of 20 in. How- 
ever, conditions will alter this limit, and thicknesses 
ranging upward from 4 in. frequently present intricate 
setup problems requiring treatment as heavy cutting 
operations. 

Accordingly 6-in. thick sections can sometimes be con- 
sidered “heavy’’ cutting, and within this working range is 
offered the example of removing a sink head riser from 
the cast carbon steel waterwheel shown in Fig. 4. The 
diameter of the wheel was 10 ft. and the width 5 ft. The 
riser was 6 in. thick and completely circumferential. 
The 1'/s-in. thick wheel blades were first cut free of the 
nser manually, followed by manual vertical cutting of 
the riser into six segments to allow freedom for expansion. 
Three sector-shaped wooden track tables were built, with 
plywood top and vertical plywood side track. The table 


| tops were overlapped so that they could be positioned 


and repositioned in rotation sequence around the wheel, 
providing a flush continuous track base. After the cut- 
ting machine had traveled from one table to the next, 
the trailing table was then moved into the lead position. 
lhe radius of the table was 15 in. larger than the maxi-. 
mum outside diameter of the wheel. The cutting ma- 
chine side-roller attachment and wheels steered inward, 
carried the torch at a speed of 6 to 7 in. per minute. 

Oxygen pressure started at about 60 psi. but was 
gradually cut down to as low as 40 psi. to prevent the 
oxygen jet from striking the blades as it passed. Fast 
action was required to position the tables in accurate 
line-up in advance of the cut travel. The total time 
irom the start of the setup to the release of the casting 
was 4 hr., of which 2 hr. were consumed for the actual 
vertical and horizontal cutting. 

Prior to cutting, the casting was allowed to cool from 
the original furnace temperature to a cutting heat of 
about 700° F. It was then entirely covered with asbes- 
tos to maintain the heat, and slots were cut in the asbes- 
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tos to provide access to the paths for vertical cutting. 
Horizontal machine riser cutting then proceeded, re- 
moving the asbestos covering as necessary. The casting 
was next annealed before proceeding with other produc- 
tion cutting operations. 


Equipment 


A primary requisite for production heavy cutting is 
adequate oxygen and fuel gas supply. The oxygen must 
be piped either from a plant or a trailer truck. The im- 
portant consideration is to have a uniform supply with 
unfailing pressure and volume above a high minimum. 
This means that all unnecessary restrictions must be 
avoided, and particularly that pipe and regulator sizes 
must be large enough to handle the maximum momentary 
loads. Fuel gas is most generally acetylene, and in our 
case this is supplied by medium pressure generating 
plants. 

A typical installation of oxygen and acetylene lines is in 
a shop which has a heavy scarfing load at the south end, 
an intermediate area of general maintenance cutting and 
various operations of machine cutting at the north end. 
In this shop the oxygen main line pressure is kept at a 
minimum of 160 psi., maximum 200 psi., except at the 
scarfing bed where it is reduced to 130 psi. average. 
Acetylene pressure is maintained at 15 psi. throughout 
the shop. 

It should be noted that the size of the feeder pipe line 
is 3 in., even for the relatively short run of 1850 ft. in 
this shop. The branch lines are 2'/; and 2 in., and drops 
are generally 1 in. The relatively large station valve 
on these drops is the only screwed connection. We have 
found that all connections in the line except for unions 
and valves should be welded, to simplify erection, prevent 
leaks and to streamline the flow. It is always preferable 
to bend the pipe rather than to employ welded sections 
at changes in pipe direction. We also have found it 
necessary to adopt very large pipe sizes and relatively 
high oxygen pressures in order to guarantee the large 
constant volumes of oxygen needed for heavy cutting. 

In our acetylene plants the generators are linked by 
various yoke arrangements to insure steady flow from 
any two generators that may be on the line. Three 500- 
Ib. double-rated generators are installed in a brick fire- 
proof construction building with carbide storage room 
adjacent, the floor of which is at a high elevation, level 
with the filling platform in the generator room. The 
two main plants have a capacity of 750,000 cu. ft. of 
acetylene each per month, although their momentary 
capacities are higher. On some cutting applications we 
have used propane type gas supplied from manifolded 
cylinders. 

The pipe-line header arrangement of both oxygen and 
acetylene used to supply a multiple torch cutting machine 
comprises an oxygen drop of 2 in. diameter with a line 
pressure of about 170 psi., and a 2-in. acetylene drop with 
a line pressure of 15 psi. The five oxygen and four acety- 
lene stations will supply four torches for normal cutting, 
or two large torches, plus standby stations for lancing or 
for a hand-cutting torch if required. This setup is typi- 
cal of all large operation stations. 

Torches are the next consideration and they must have 
tips with sufficiently large orifices to do the work. A 
standard two-hose torch, using */s-in. oxygen and °/j¢-in. 
acetylene hose of 75 ft., is satisfactory for thicknesses up 
to 28 in., but not preferable over 20 in. A three-hose 
torch should be used, with a '/9-in. cutting oxygen supply 
hose for thicknesses from 20 to 54 in. and over. In such 
oxygen setups, a pressure gage should be used primarily 
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Fig. 4—Removing Riser on Cast-Steel Water Wheel 


Fig. 6—A Group of Torch-Cut Crank Webs 


as a volume indicator, since pressure is not important 
except as it affects the volume of oxygen in relation to the 


capacity of the equipment. This gage should be on the 
outlet side of the valve or the inlet side of the torch. 
The torch should have a capacity of approximately 6000 
cu. ft. per hour. The tips should be of a suitable range 
in size and made to provide sufficient preheat for the 
particular work undertaken. 

Observations of experimental heavy cutting prove the 
preheat flames to be of paramount importance. They 
must be of sufficient volume to result in a flame that will 
extend almost to the bottom of the cut. Otherwise, 
excessive drag will begin at the depth limit of maximum 
heat penetration. If the torch and associated tips and 
equipment do not supply enough preheat flame, they may 
be supplemented with an auxiliary postheating torch for 
supplying the deficiency. 

In our early efforts to cut 32-in. alloy steel we employed 
equipment previously used successfully for cutting 28 in. 
depth. But we found that we could penetrate no fur- 
ther than 25 in. in the 32-in. thick material. The intro- 
duction of postheating enabled the equipment to suc- 
cessfully cut the 32 in. and heavier thicknesses. This 
experience has resulted in our increasing the amount of 
preheat in our torches. Today the same torch, with 
increased preheat capacity, is capable of cutting 42 in. 
thickness without postheating. 

We have used two types of equipment meeting the fore- 
going specifications, both of which will cut relatively 
heavy sections. One of these outfits employs acetylene 
as its fuel gas, the other propane. Both are capable of 
cutting upward of 40 in. under normal conditions. While 
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Fig. 7—General Arrangement—Special Shape-Cutting 
Machine 


propane is a very effective fuel gas for heavy cutting, 
there is sometimes difficulty in returning to the same 
flame adjustment when using large volumes. The 
difference in adjustment is not as sharp and apparent 
with propane as with acetylene. The proper mixture 
and combustion is very important on heavy cutting. * 

The vehicles used to carry these torches may be 
standard cutting machines, where these are adequate to 
do the job, or heavy duty cutting machines where the 
standard machines are inadequate. Single-purpose ma- 
chines may be designed especially for production opera- 
tions such as cutting ingots. It is important to re 
member that for massive work requiring portable 
machines, the machine must be of heavy weight and wide 
gage because of the load of heavy duty torches and hoses. 
Where only the smaller machines are available for carry- 
ing this heavy equipment, they should be operated in 
forward direction only and be counterbalanced to prevent 
tipping. This precaution is necessary to prevent the 
operator from being burned, especially if he is unable to 
quickly shut off the high pressure oxygen supply. Fin 
ally, all machines for heavy cutting should have a mit 
mum constant speed of | in. per minute or less. 


Personnel 


It is, of course, difficult to tell ‘“‘how’’ a heavy cutting 
job is done, because of the large element of personal ski! 
involved. We shall attempt to cover this by enumerat 
ing the various steps we employ when training operators. 

Technique and operator training go hand-in-hand. 
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Fig. 8—Flame-Cut Column Nut, 14 In. Thick 


Fig. 9—Example of Impro 


r Sequence in the Cutting of a 
Column 


ut—Note Crack . 


There is no doubt that, even though given proper equip- 


| ment, the quality of a cut depends upon the skill of the 


operator. The operator’s responsibility increases as the 


| thickness increases and as the desired shape becomes 


more complicated. In addition, the main advantage of 


| torch cutting—speed—again puts great responsibility on 


the operator. If the job is not planned completely before 
the cut is started, or watched carefully during the cutting, 
a mistake that takes only a fraction of a minute can ruin 


| al expensive piece of steel. 


It can be seen, therefore, that it is necessary to have a 
well-trained and closely supervised group of men in a 
€-cutting organization. It is only with such a group 
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that successful results will be consistently obtained on 
heavy sections, or, for that matter, on any flame-cutting 
operation. 

In view of the foregoing considerations, our operators 
are trained to be methodical and exact in their work, 
rather than hasty. The most important general factor 
for them to remember is to be extremely precise with all 
machine setups and alignments. On heavy sections a 
slight angle to the torch may throw the cut out an inch, 
or more, whereas this same angle on a lighter section, say 
6 in. thick, would not be noticeable, or at least not objec- 
tionable. 

The operator should have a capable assistant, both as a 
safety measure and because the operation frequently re- 
quires two men. Both men should be so familiar with 
the equipment and location of controls as to be able to 
find them automatically in emergencies, since all mishaps 
in heavy cutting are emergencies requiring prompt action. 
Finally, the operators must become sufficiently familiar 
with the operation to have lost their fear of heavy cutting. 


Technique 


For heavy cutting the technique employed is essen- 
tially the same as for lighter work, 6-in. plate for instance. 
Where heavy sections of large mass are to be cut it will be 
found helpful to furnace preheat to a temperature some- 
where between 200° and 800° F., except where the analy- 
sis makes such treatment inadvisable. 

In starting the cut on heavy sections it is very impor- 
tant to allow sufficient time for flame preheat. The high- 
pressure oxygen stream is then opened and the forward 
motion of the torch started a fraction of a second later. 
This forward motion of the torch is increased gradually 
to full cutting speed as the cut progresses. When these 
operations are properly timed the cut will progress 
steadily down the face of the piece at a constant rate, 
and without a sharp shelf forming at any point, until it 
breaks through the bottom. At the instant the cut 
breaks through, the drag is generally rather long, but it 
will shorten quite rapidly to normal drag length for the 
section being cut, once the cut has become completely 
confined. 

We mention this long drag particularly because it is 
during this stage that the inexperienced operator will 
frequently spoil his opportunity of making a successful 
cut by becoming discouraged and shutting down the 
operation. Likewise, the inexperienced operator will 
all too frequently ruin his cut by starting to lance the 
bottom of the piece before the cut has become established. 
In most cases, it is best to let the cut run until it has 
established itself. However, a lance should always be 
on hand to help in starting the cut if necessary, or to 
straighten out excessive drag, should such occur. 

Insufficient flame preheat will result in the freezing of 
the work about three-quarters of the way down, giving 
rise to a severe drag; or a ribbed, uneven surface will 
result, starting about one-third or one-half the way down. 
The surface will be similar to that produced by too slow a 
speed. 

Excessive oxygen pressure will chill the cut, cause shelf- 
ing and resultant drag and, on encountering inclusions 
will cause excessive blows, introducing drag. It may also 
set up excessive turbulence which will interfere with the 
cut. Generally speaking the lower the pressure the 
easier the job. 

Too slow a speed will result in shelfing, thereby intro- 
ducing extreme drag. While it is impossible to state 
speeds for heavy sections because of the number of vari- 
ables, we know that there is a general tendency to run 
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Fig. 10A—Marine Part Torch Cut to Shape. Note Detail of 14-In. 


Diam. Hole Through 36-In. Section 


too slowly. We seldom employ less than 1 in. per minute 
speed, even on work 54 in. thick. 

Sometimes an operator fails to increase the speed to 
normal until after the start has been completed. Should 
completion not occur in time, he mistakenly reduces the 
speed, and this exaggerates the drag in most cases. 
Instead he should increase the speed, which will generally 
eliminate the drag. Our drags on 45-in. cuts run as little 
as 3 in., mainly at 6 in., and sometimes as high as 18 in. 
It is very easy to run too slow on heavy cutting because 
speeds are set by observation, and when watching a com- 
paratively wide and long stream of oxidizing metal the 
variations are not noticed as readily as on lighter work. 


Shape Cutting with Cam and Tracer Type Machine 


A certain amount of our heavy cutting is done with 
special shape-cutting machines. For example, the 
crank webs illustrated on Fig. 5, and others of more intri- 
cate design and frequently as thick as 12 in., are flame 
cut in nested formation on the work bed. These shown 
in Fig. 5 are nested five abreast and are of approximately 
0.40 carbon steel. The slab is furnace preheated 
to between 200° and 400° F. The crank webs are 37 in. 
long with a 22-in. large diameter and an 8-in. inside 
diameter hole for which a starting point is obtained by 
lancing a hole. It is not essential that shapes of this 
type of such heavy thickness be tied in when cutting, as 
long as care is taken to start the cut at the point adjacent 
to the thin scrap section, and then travel the cut to its 
terminatian adjacent to the thick scrap section. 

A group of similar crank webs of slightly different 
design but flame cut in the same manner as aforede- 
scribed, is shown in Fig. 6. 

The previously mentioned machine is equipped with a 
two-torch setup, central control and manual and mag- 
netic tracers. It is shown in Fig. 7. Its 56 ft. of track 
is elevated about 20 in. above the floor level to provide 
for cutting 40-in. thick material when necessary. A con- 
crete underbase with concrete curb throughout its perime- 
ter and with firebrick on edge for the top surface is 
provided under the entire worktable area. The firebricks 
prevent destruction of the concrete by falling or accumu- 
lated hot slag. For a worktable two sections of old ma- 
chine shop cast-iron layout tables were salvaged. When 
cutting from heavy thickness material, such as around 
40 in., these cast-iron worktables can be removed from 
the working area by means of a 100-ton overhead bridge 
crane, cage operated, with a 20-ton auxiliary hoist. 
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Fig. 1OB—Example Cutting on Marine 
art 


Figure 7 presents an excellent view of the 13 x 56-ft 
tracing table, of wooden construction and provided witha 
Transite working surface on a plywood underbase, which, 
in turn, rests on 45° diagonally laid 2-in. wide tongue 
and grooved material, level planed. The table supports 
are strapped to the concrete foundation. 

To provide complete accessible gas control for this 
machine an oxyacetylene station outlet drop is located at 
a wall column at the approximate center and at the side 
of the wooden tracing table. An acetylene waterseal is 
also located near this particular station. The piping for 
the oxyacetylene supply carries downward to the floor 
and under the platform steps and tracing table, where it 
connects to the hoses at a wooden hose trough extending 
along and below the track for its complete length. 

An example of shape cutting is the column nut fora 
straightening press shown in Fig. 8. In order to obtain 
a Sheer straight cut, and to retain the contour around the 
recesses of the small radii, it was advisable to use a tip 
with a heavy preheat for this 14-in. thick cut. This ac- 
counts for the slight melting down and slag formation at 
the top edge, all of which was of no consequence in the 
final machining. In addition, economy dictated the al- 
lowance of but a small margin of tolerance for waste on 
the outside. The scrap will be seen lying at the right. 
Note its thin wall. If a larger tip with normal preheat 
had been employed, the wider kerf would have necessi- 
tated greater tolerance for scrap. The practice of using 
a smaller size tip with heavy flame preheat frequently 
allows utilization of small size piece, not otherwise usable. 
This was a 0.35 carbon steel of about 20 in. outside diame- 
ter with an approximate 8-in. inside diameter hole. The 
nut was cut to within '/, in. on side tolerance for ma 
chining. 

A close-up view of this column nut can be observed ia 
Fig. 9. It was the first nut of this type to be flame cut. 
Note that in the root of the indentation a crack appeared 
which carried through to the lance hole. This crack was 
caused by a delay in lancing until the piece had become 
cold after cutting the outside contour. The lancing 8 
now done mmediately after the outside cutting, in order 
to take advantage of the heat developed while cutting 
the outside contour. 


Three-Dimensional Cutting 
An interesting problem was presented us with the 
three-dimensional cutting of a forged steel marine part. 
Figures 10 (A) and 10 (B) show the top and end views, 
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__Adaptor Bit Completely Torch Profiled from Solid 
fig. 114 eaoed Steel Block 30 x 30 x 52 In. Fig. 11B—Close-Up of 30-In. Cut on Adaptor Bit 
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Fig. 11D—30-In. Cut in Progress 


Fig. 11C—General View of Adaptor Bit Showing Scrap Removed 
on Adaptor Bit Showing Setup 
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Fig. 12—Flame-Cut 17-In. Alloy Steel Slab, 30 Ft. Long 


al 


respectively, and show the quality of work obtained. 
The procedure developed for shaping this marine part 
required a minimum amount of very deep cutting. The 
slots at each end were cut for their full depth and this 
was followed by cutting the 14-in. diameter hole in the 
center through its full 36-in. depth. The four rectilinear 
holes were cut to their dimensions of 19 in. length, 10 in. 
width and 10 in. depth. The legs were finally sloped as 
shown. The original dimensions of this forging were 
approximately 37 x 36 x 124 in. Starting points for 
each hole were obtained by piercing with a lance. 

In Fig. 11 (A) we have an excellent example of what 
can be done in the way of torch profiling heavy sections. 
This piece is 30 x 30 x 48 in. long. The walls are approxi- 
mately 6 in. thick. It was cut from a forged steel block 


Fig. 13—Close-Up of 17-In. Cut on Slab Shown in Fig. 12 


Fig. 16—Cutting Through 42-In. Section 
of Crankshaft 


Fig. 14—General View eee Flame Softening on Torch.Cy 


Fig. 15—Detail of Hole Cut in 18-In. Slab 


30 x 30 x 52 in. Figure 11 (B) is a close-up showing 
the detail of the quality of the cut; notice the short drag 
and sharp corners. Figure 11 (C) shows the finished 
piece along with the scrap sections removed, while Fig. 
11 (D) illustrates the setup and cut in progress. 


Thick Slabs 


In almost every instance our procedure for cutting 
thick slabs involves the employment of portable cutting 
equipment. A typical example of this operation is shown 
in Fig. 12. This 17-in. thick alloy steel plate is 30 ft. 


Fig. 17—Detail of 25-In. Section of Crankshaft 
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jong x 12 ft. wide and was cut at room temperature of 
about 70° F., using a heavy preheat oxyacetylene tip 
with the machine traveling at a speed of 3 to 4 in. per 
minute. Sufficient track was used to line up the entire 
length of the cut. A drop cut was obtained. The close- 
up in Fig. 13 while appearing to indicate a rough cut, 
jlustrates what is in reality smooth for this type of high 
alloy steel. What appears to be horizontal demarcations 
are discolorations behind cracks in the encrusted slag 
and are not cracks in the base steel. The slag adhering 
to the bottom of the cut is readily removed after the cut 
face has cooled to the mean temperature of the slab. 

Another example of slab cutting is the 18-in. alloy steel 
plate, 30 ft. long by 12 ft. wide, shown in Fig. 14. This 
was similarly flame cut along its perimeter as described 
in the preceding paragraph. In this view, flame-soften- 
ing operations with the oxypropane flame can be observed 
on both the inside faces of the opening, which are softened 
with the manual torch, and the outside faces of the plate, 
where softening is accomplished by traveling a machine 
and a trailer on a track parallel to the face, employing a 
double 6-in. long propane burner. The latter operation 
is protected by an insulating shield of vertical triangular 
construction which serves to confine the heat to the im- 
mediate zone. 

In Fig. 15 we see a close-up of one of the holes in this 
slab. Note the squareness of the approximate 2-in. 
offset which was hand racked from the straight cut. 
This is an excellent example of unusually good sharp 
right-angle corner cutting for such heavy steel. The 
scrap lying at the bottom of the hole shows the procedure 
for providing expansion slots in the scrap of the cutouts. 
First, five holes are lanced, a center hole and four com- 
pass-point holes. Then slots are cut from the center 
lance hole to the outlying compass-point lance holes. 
Starting from one of the expansion slots a path is cut 
into the larger radius and it is completed for the semi- 
circular path, and the cut, at the terminus of the semi- 
circle, is curved inward. Next a path is started from 
the scrap for the shaping of the small radius semi-circu- 
lar cut, which is completed and carried into the scrap. 
The machine on the track then makes the straight cuts, 
racking in for the offset corners as required. These 
cuts were made at a speed of 2 to 3 in. per minute at 120 
psi. oxygen and 13 psi. acetylene pressures. This plate 
was furnace preheated to about 400° F. prior to cutting. 


Heavy Crank Shafts 


We believe that the operation which we will now de- 
scribe, shown in Fig. 16, is without doubt the most out- 
standing of its kind to date. It is the cutting of two 
crank shafts from one forged slab. The slab is 25 ft. 
long, 10 ft. wide and from 25 to 28 in. thick in the main 
body and as much as 38 to 42 in. thick on the flange end. 
Because of its great mass it is furnace preheated to 400° 
F. before cutting. The crank shaft contours are laid 
out near the edge of the slab with three of the throws to 
the outside and the other two throws to the inside. 
The center section of the slab is scrap. A heavy duty 
Straight-line cutting machine is employed. This job 
has been performed with both the oxyacetylene and the 
oxypropane flame, the latter being used prior to the time 
of acquiring proper equipment for acetylene. The 
speed is 2 to 2'/, in. per minute on the 28-in. thick cut. 
In the case of the propane the pressures at the control 
valves are 90 psi. cutting oxygen, 40 psi. propane and 120 
Psi. preheat oxygen. In the illustration the operators are 
cutting through the 42-in. thick section, which necessi- 
tates racking up and in on the S-shaped forged lift 
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Fig. 18—Bevel Cutting Flange End of Shaft 


Fig. 18A—Close-Up Showing Detail of Cut Through 41-In. 
Section of Crankshaft 


of the flange. All transverse motions, requiring a dis- 
tance of 18 in. in and out, were racked by hand, an opera- 
tion requiring expert control to maintain an even speed 
of about 2 in. per minute. 

In Fig. 17 we have a close-up of the cut through a 25 in. 
thick section at one of the throws. Our cut proceeded 
from right to left. The demarcations, in opposition to 
the normal drag contours, can only be explained as exag- 
gerated shadows from photographic lighting upon minor 
secondary deflections. The close-up in Fig. 18 shows the 
machine setup for bevel cutting the heavy 42-in. thick 
flanged end so as to reduce the machining time for turn- 
ing. Figure 18 (A) shows a close-up view of a cut 
through a 41-in. section. 

The crankshaft blank as seen in Fig. 19 has now been 
turned over on its edge with the three-throw side down- 
ward and a clear view of the flame-cut contour of the 
shape as well as the forged face is seen. From here it is 
taken to the furnace for annealing, after which it is set up 
on a spindle and the bearings between the throws are 
rough turned. It is again taken to the furnace and 
heated, and the throws are then twisted to their proper 
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Fig. 20—Final Machining of Crankshaft 


angle, followed by further heat treatment. It is finally 
returned to the machine shop for finish machining on the 
bearings as well as other faces. The completed job is 
illustrated in Fig. 20. Note the flange dimensions at 
the right end which had the original forged dimension of 
42 in. thickness. 


Cropping and Cutting Ingots 


The cutting of a sink head on an alloy steel ingot is 
shown in progress in Fig. 21, employing postheating. 
This cut is 32 in. deep and the machine traveled at a speed 


of 2 to 3 in. per minute. The postheating is accom- 
plished with a manual torch with its flames vertically in 
line but slightly behind the cutting flames. However, 
with present-day equipment, postheating can be elimi- 
nated, as sufficient preheat is incorporated in the tips. 
The machine-cutting torch was controlled through the 
lever valve blocks. 

In Fig. 22 a 51-in. thick ingot cut isshown. The ingot 
is upside down, the bottom of the cut being on top. It 
demonstrates the ability of the oxygen cutting stream to 
adjust itself by intervals from an excessive to a normal 
drag without auxiliary aid. This was not a premachining 
cut and no attempt was made to maintain tolerance. 
However, the cut was well within 2 in. machining toler- 
ance should machining have been necessary. 
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Ingot cutting is necessarily a production operation and 
every effort has been made to perfect a procedure provid- 
ing the greatest speed and insuring the best quality of cut 
obtainable. One of our main problems is the cropping 
of the ends of corrugated ingots ranging from 29 to 32 in. 
in diameter. ‘These ingots are first stripped and are re- 
ceived at variable temperatures. Then they are put into 
an equalizing furnace and soaked to a uniform tempera- 
ture of 1100° to 1500° F. The first setup consisted 
of a portable machine on an overslung track, but the high 
heat made working extremely difficuit. As a result 
perfect cuts were not always secured. Further, only 
one end could be cropped at a time, and, with this in- 
convenient setup, the production amounted to only § 
ingots per 8-hr. day. 

An ingot cutting machine was accordingly designed, 
and it is seen in Fig. 23 cropping both ends simultane- 
ously. This machine will follow the circumferential 
contour automatically within 10% and the balance 1s 
adjustable manually and accurately during the opera- 
tion. One end will accommodate diameters from 26 to 
36 in. in 2-in. increments for the depth of the cut; the 
other end from 16 to 26 in. diameter. Eight to 10 min. 
are required to completely drop the crop into the scrap 
boxes below. This machine can handle four ingots per 
hour or 30 to 32 per 8-hr. day. Only two operators are 
required. As a safety measure the operator’s efforts 
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: Fig. 19—General View of Crankshaft as Torch Cut 7 
Fig. 
4 
plac 
A 
4 
4 
| 
= 


on and 
rovid- 
of cut 
»pping 
32 in. 


ure re- 
1t into 
npera- 
sisted 
e high 
result 
only 
lis in- 
nly 8 


igned, 
Itane- 
ential 
ice 1S 
ypera- 
26 to 
the 
min. 
scrap 
per 
rs are 
fforts 


ABER 


4 


Fig. 22—Detail of Cut Through 51-In. Section of Ingot 


must be coordinated for releasing the ingot after crop- 
ping, as it is impossible for one to dump the ingot without 
the aid of the other. The operator at the right controls 
an air valve for releasing the dumping cylinder mecha- 
nism beneath the ingot. However, the operator at the 
leit must release the safety before such action takes 
place. 


A view of the machine and the ingot in place after the 


Fig. 23—Production a 32-In. Corrugated Alloy Steel 
ngot 


ends have been completely cropped and before the ingot 
has been dumped is seen in Fig. 24, while Fig. 25 provides 
a close-up of the 32-in. diameter cut face of the ingot. 

A ground-operated electric crane on a monorail picks 
up the ingot as it is discharged from the nearby equalizing 
furnaces and carries it to the cropping machine position 
at the holding and dumping tray. The same equipment 
removes the ingot after cropping and dumping. 


Summary 


Although there is still much to be learned concerning 
the technique and perfected procedure for heavy cutting, 
it will be evident from the examples illustrated in this 


Fig. 25—-Detail Showing Quality of Cut Obtained on 32-In. 
Corrugated Alloy Steel Ingots 


Fig. 24—Corrugated Alloy Steel Ingot After Cropping Opera- 
tion Shown in Fig. 23 
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Fig. 21_-Removing 32-In. Sink Head from Scrapped Alloy Steel 
Ingot 
* 


paper that this important phase of machine gas cutting is 
now acceptable as a production operation on thicknesses 
up to 42 in. without the employment of a lance. 

In brief summary we point out that the essentials for 
successful heavy cutting are adequate oxygen and fuel 
gas supply; torches with sufficiently large orifices to 
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Planning for Production Welding and 
Cutting in a Modern Shipyard 


Part 2 


By W. B. Bowent 


The Pascagoula Shipyard 


HE Pascagoula, Miss., shipyard of the Ingalls 

Shipbuilding Corp. is located at the mouth of the 

Pascagoula River and on the warm waters of the 
Gulf of New Mexico between New Orleans and Mobile. 
In January 1939, this site of 46 acres, with 3000 ft. of 
waterfront, was acquired by our company, and a four- 
way yard was under construction within a very short 
time. 

Our yard was designed for all-welded ship construction 
and was the first yard ever to be planned for building 
all-welded ocean-going vessels. Instead of planing 
machines and shears we prepared to use oxyacetylene 
cutting. Instead of punches and riveting machines we 
made plans for using the welded arc. Further, we planned 
our facilities to provide for large section prefabrica- 
tion handling, to accommodate ample storage and weld- 
ing platen areas, and to supply an ample volume of 


* Part 1 presented as a paper at the Annual Meeting, A. W. S., Chicago, 
Ii, Oct. 18 to 21, 1943, and published in the November 1943 issue of Tue 
WELDING JOURNAL. 

t Welding Foreman, Ingalls Shipbuilding Corp., Pascagoula, Miss. 


oxygen and acetylene outlets and electric welding stations 
at the locations where the need would arise. 

The last of these four ways was completed in Decem- 
ber 1939. Each of the ways was headed with a fire- 
proof wayhead building at the inshore end, for the ac- 
commodation of tool rooms, first aid, personnel, electrical, 
welding and other yard divisions and departments. 
A plate and structural fabrication shop, pipe shop and 
copper shop were erected immediately as were one 
major outside steel-on-concrete pre-erection platen and a 
number of smaller wayhead platens, one at each way- 
head. The yard was planned primarily for assembly. 

Gantry crane tracks were extended for the length of 
the ways, one on each side, the cranes being of the portal 
type and allowing room for standard gage railroad track 
beneath and on center. Locomotive cranes as well as 
the gantry could unload directly from the cars of fabrica- 
tion from Birmingham to the hull. 

As our program on the initial C-3 vessels proceeded, 
the success of the all-welded ocean-going vessel became 
increasingly evident. Accordingly, at the time of the 
expansion of the U. S. Maritime Commission’s program 
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Fig. 25—Diagrammatic Plan Showing the Material Flow of Raw Plate and Structural Shapes Through the 
Fabrication Shop, on to the Platens and Then in Subassemblies to the Ways 
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Fig. 29 


Fig. 30 


Fig. 31 


Fig. 26—On Receipt of the Various Subassemblies from Birmingham They Are Delivered to Storage 
Spaces at the Pascagoula Yard. In This View Are Shown Various Different Foundations for Pumps, Blowers, 
Steering Gear, Boilers and Condensers, Small Hatches, Seachests, Gear Plates, Shaft Alleys and Various 
Other Subassembled Units 

Fig. 27—-A View Inside the Welding School at Pascagoula. 


Basic Training as Tackers or First-Class Welders 
Fig. 28—-Welders’ Test Pieces. 


head Test Plate. 
Test 


Seam in Foreground 


of the Ways After Dusk 


in 1940, we received additional contracts for C-3 con- 
struction, which made it necessary that we expand our 
yard in its three land directions. Construction was 
started on six additional ways, similar in construction 
to the initial four. Existing platens were extended, 
additions to our fabrication shop were made and our 
outfitting piers extended to accommodate berths for 
seven ships. All of this expansion was made without 
interfering with our normal production, and, as quickly 
as a new way, a fitting-out pier or a building extension 
was completed, its facilities were immediately pressed 
into service and production. 


Material Flow 


In order to properly visualize our facilities it will be 
well to consider our material flow plan at Pascagoula. 
Plate and structural shapes from the steel mills as well as 
the greater part of our cut and welded sections, primary 
assembly and subassembly prefabrication from Birming- 
ham is delivered to us over our incoming rails and roads. 
Plate and structurals in a minor volume go to our outside 
platens and, to a major extent, to our plate and fabrica- 
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Here Both Men and Women Receive Their 


Upper Row Beginning at Left: */,,-in. Downhand Fillet Welds; :/,-in. 
Vertical Fillet Welds; :/.-in. Overhead Fillet Welds; (Top) Navy Vertical Test Plate; (Bottom) Navy Over- 
On the Bottom Row Left to Right: First Two Samples Are Stainless Steel Overhead Test 
Plates After the Bend Test; Two Samples to the Right Are Stainless Steel Vertical Test Plates After the Bend 


Fig. 29—An Example of Multiple Bead Welding of Casting and Base Plate to a Deck with a Unionmelt 


Fig. 30—Electrodes Are Kept Dry by Carefully Storing in an Insulated Room with Atmospheric Control 
Fig. 31—Work Proceeds Night and Day on the C-3 Ships at Pascagoula, as Is Evidenced by This View 


tion shop, for which a material flow diagram is provided 
in Fig. 25. Prefabricated sections on cars or trucks 
from Birmingham will be delivered either to allocated 
storage areas, Fig. 26, or to the ways or outfitting 
piers. 

Flame-cut and formed plate and structural shapes 
leave the plate and fabrication shop and proceed to the 
various outside assembly platens. Likewise, welded 
subassemblies made on the plate and fabrication shop 
platens join the routing of the larger subassemblies 
welded on the yard platens and proceed to the ways or 
to the subassembly storage areas at the inshore head 
ends of the ways. 


Welder Training 


While we do draw upon the local welding schools 
Pascagoula and nearby cities, most of our welders are 
trained in our school located within the yard. Our 
large program requires that our training be organized 
on a large scale and that we maintain expert supervision. 
The admission of women into this field of activities has 
presented additional problems, which we will discuss 
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jater. While a number of our welders have come to us 
with previous outside experience, a greater number 
by far are green. In either case all must qualify before 
admission to the yard proper, and more frequently 
than not we find that the green trainees turn out to be 
better than those with years of previous miscellaneous 
experience. Our welders as well as all of our yard men 
are from every type of industry. Some are from the 
Alabama hills, some from the gulf coast and some fished 
for shrimp and oysters in waters nearby. 

The urgency of our shipbuilding program restricts 
our welding course virtually to practical welding tech- 
nique, but we do find opportunity to provide short, 
concise sessions on theory. Initially, from the practical 
angle, the trainees are schooled in the basic essentials 
such as familiarity with the setting of arc-welding gener- 
ators, recognition of the different types of electrodes, 
the proper angles for holding the electrodes in different 
positions, proper speed and how to avoid the common 
welding errors. We lay strong emphasis on safety. 

Our welding school,:a view of which is shown in Fig. 
27, has 35 booths. Welding cables from the generators 
are brought into the booth from overhead, a safety 
measure preventing entanglement with cable lying about 
the floor. Each booth is equipped with an all-position 
clamping jig, and its individual welding generator is 
directly opposite across the aisle for convenient adjust- 
ment. 

In Fig. 28 is shown a group of welders’ test pieces 
showing our schooling procedure. Beginning at the 
upper left and working toward the right, on the upper 
row we have a °/;.-in. downhand fillet weld, a */s-in. ver- 
tical fillet weld, a */s-in. overhead fillet weld, a U. S. 
Navy vertical test plate (top) and a U. S. Navy over- 
head test plate (bottom). In -the bottom row the first 
two samples to the left are stainless steel overhead test 
plates after the bend test, and the two to the right are 
stainless steel vertical test plates after the bend tests. 
Our tackers, who average 48 hr. training, are given a 
vertical and overhead stringer bead test with a °/;:-in. 
rod. Our all-round welders, who average 80 hr. train- 
ing, are given the complete range of tests. All students 
are instructed in the latest welding technique, including 
deep fillet welding before leaving our school. 

While we do not appear to dress up our training pro- 
gram, we do turn out good welders in the short time 
allotted to this activity. An example of some of our 
work is seen in the enlarged view of multiple-bead 
welding of a casting and a base plate to a deck, shown in 
Fig. 29. This is an uncleaned area after the slag has 
been removed. An example of our Unionmelt seams 
is also seen. 

As a side note, one of our women welders, Miss Vera 
Anderson, who was trained in our welding school, 
recently won the Women Welder’s National Champion- 
ship. She excelled all around in every position of weld- 
ing. Naturally we are somewhat proud of this achieve- 
ment. 

_ When the student first qualifies for tack welding, he 
is turned over to a leaderman who places him with 
the shipfitters as a ‘“‘tacker.”” On his own initiative he 
may return to school to qualify for ‘‘apprentice welder”’ 
by taking the American Bureau of Shipping test. As 
an “apprentice welder’ he may advance on his own 
initiative again to a “first class welder.” He must 


— on the basis of a qualitative test on production 
Work. 


The Welding Department 


All yard welders, tackers and burners are supervised 
by the welding department which cooperates with the 


shops, yard, platens, ways, docks and hulls. 
pipe shop and the copper shop have their own welders 
and brazers, we tie in with them in our coordinated 


While the 


activity. Our department provides recommendations 
to the maintenance department for the location of new 
oxyacetylene regulator outlets and to the central store 
and tool rooms on getting materials and machines it needs 
or believes should be stocked. 

Electrodes, for instance, were originally handled en- 
tirely by the tool rooms; but we found that greater 
control and conservation resulted from placing their 
disposal and stocking under the supervision of our 
central stores. From here they are issued in lots to the 
tool rooms for reissue to the welders. A _ perpetual 
inventory of electrodes is maintained and the order of 
delivery recorded, so that the electrode stock may be 
rotated as received, thus preventing old stock accumula- 
tion. Our yard uses about 400,000 Ib. of coated elec- 
trodes per month and about 7000 Ib. of automatic welding 
wire. 

To prevent moisture absorption our central stores 
have built a special electrode room which is fully in- 
sulated throughout, walls, ceiling and floor. It will 
store 1,000,000 Ib. of electrodes, and the temperature 
and humidity are automatically controlled. A view 
of one corner is seen in Fig. 30. 

Like almost every other shipyard in this country we 
are building ships night and day as can well be seen in 
the night view of a section of our yard in Fig. 31. Our 
day shift spans from 7:00 A.M. to 3:30 P.M. and the 
night shift from 3:45 P.M. to 12:15 A.M. Each shift 
has a '/:-hr. lunch period. 

A comprehensive picture of the organization en- 
compassed within our welding department may be 
gained from studying the charting in Fig. 32 which shows 
our supervision setup for day and night from welding 
foreman to leaderman. It is our aim to have one welder 
leaderman for each 20 to 25 welders and one burner 
leaderman for each 30 to 35 burners. Our department 
consists of four assistant welder foreman, 52 welder 
leadermen, 900 tackers and 1000 welders. The cutting 
division consists of one assistant burning foreman, eight 
burner leadermen and 275 burners. 


Women Welders 


Our experience with women welders has, in the main, 
been satisfactory. Much of this success must be at- 
tributed to a recent innovation at our shipyard, the 
appointment of a women’s coordinator. We believe 
we are the first shipyard to have instituted this position. 
A woman was selected for the post who had had both 
academic training as a school teacher and _ practical 
training as a machinist. It is her duty to study the 
various problems encountered by the women workers 
in our yard and to work out solutions. 


FOREMAN 
w NG 
WAYS DOCKS wars wars DOCKS 
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@ QUARTERMEN 
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Fig. 32—-Welding Department Organization at Ingalls’ Pasca- 
goula Shipyard 
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The most successful women welders are those who are 
either married or have responsibilities requiring that 
they earn the money. We endeavor to keep the age 
average below 40 yr., but there are good women welders 
in the “grandmother” class. Women work best in the 
fabrication shops and on the platens where they are 
closely supervised. Their efficiency is generally reduced 
on the ways and hulls. It has been found wholly ad- 
visable to supervise women welders with men. We 
do not anticipate any success with leaderwomen. 

At first, when the presence of women in the yard was 
a novelty, men tried to make things easy for them. But, 
as the number increased, the women learned that they 
would have to take their share of the burdensome work 
as well, and their efficiency is now high. 


Welding Procedure 


A rigid welding procedure has been established at our 
yard and every possible effort is made to maintain it. 
As a result, in our opinion, we are confronted with fewer 
than average distortional problems. 

At all times we use the largest possible diameter 
electrode for the job, taking into consideration the 
thickness of the plates involved. At present our elec- 
trode consumption runs 70% of */;.-in. diameter, or larger, 
and 30% of °/s-in.; the latter are used mainly for tack 


Fig. 33 


Fig. 36 


welding and for welding light bulkheads. Al! of our 
operators work with the added incentive of a piecewor, 
basis, the average welding footage for the yard as a whole 
being 6'/2 to 7 ft. of weld per man per hour. 

Most of our platen welding is done with a.-c. trans. 
former units of 400 and 500 amp. capacity, although we 
also have a number of 400-amp. machines connected 
to constant-potential units, which furnish power to 
four small resistor boxes supplying current for tack 
welders. 

On the platens the bottom shell assemblies are made 
up in two and three plate subassemblies. They are 
laid out, the seams are tack welded and then “auto- 
matic welded on both sides. Side shell assemblies are 
likewise made up in two and three plate subassemblies, 
laid down with the frame side up. The frames are then 
tacked in place and marked for welding, all frame welding 
being incorporated in the initial operation. Employing 
a wandering sequence, we start welding as near as pos- 
sible to the center of the section, and weld outward in 
all four directions. Upon completing the welding of 
the frames, we follow through by seal welding the 
plates together. After these subassemblies are welded 
on the one side they are removed from the platens to a 
location at the inshore head end of the ways, where the 
outside seams are automatic welded. 

The welding of bulkheads and decks on the platens 
proceeds essentially in the same fashion. All stiffeners 


Fig. 34 Fig. 35 


Fig. 33—-A General View of One of the Welding Platens in the Pascagoula Fabrication Shop 

Fig. 34—-Longitudinal Girders, Longitudinal Hatch Beams and Other Units of This Nature Are Set up in 
Tiers on the Fabrication Shop Platen for Allowing Repetitive Welding Operations, One After the Other 

Fig. 35—-X-Frames Are Extensively Employed for Ready Positioning of Intercostals, Small Girders and 
Brackets and Other Assemblies, to Accommodate Downhand Welding and Easy Transfer 

Fig. 36—The Unionmelt Machines Are Extensively Used for Butts and Seams in Flat Surfaces and Fillet 


Welds That Can Be Positioned Horizontally 


Fig. 37—Channel Frames Which Were Converted to Deep L’s by Radiagraph Cutting at Birmingham 
Are Furnace Heated and Slab Formed and Then, on Skids, Are Manually Oxyacetylene Trimmed and 


End Contoured 


at Pascagoula and Birmingham 
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Fig. 38—Forming Jigs Are Fabricated by Manual and Machine Gas Cutting and Then Arc Welded Both 
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and girders are welded by wandering sequence. This 
welding is followed by seal beading of the seams by hand 
welding and back stepping the seam by welding from 
the center outward in both directions. Generally, an 


operator welds on two seams at once, which keeps the 


work comparatively cool and minimizes distortion. 
After the seal bead is completed, the subassemblies are 
removed from the platens for automatic welding on the 
opposite side. 

On the platens all seams are strongbacked before weld- 
ing, and the strongback is not removed until all welding 
is completed. 

Our ways are supplied current by five banks of three 
1500-amp. constant-potential welding generators. Each 
bank of three parallel generators supplies the welding 
current for two ways. One hundred and twenty welding 
operators may work from each bank. 

Eight hundred motor-generator d.-c. machines, nearly 
all of 400 amp. capacity, furnish current for the ways 
and docks. In the wet basin we have two portable 
|500-amp. constant-potential units which may be moved 
from one dock to another whenever the need arises for 
more power. 

On the ways the bottom shell plate subassemblies are 
assembled to the keel and tack welded. The welding 
starts amidships, both forward and aft, on the longitu- 


dinal seams, which are welded to within 12 in. of the first 
transverse seam. We then proceed to weld the trans- 
verse seam completely for the width of the plate as- 
sembly. Then the welding is carried on with the 
longitudinal seam to within 12 in. of the next transverse 
seam. After all seal-bead welding is done overhead, the 
Unionmelt is placed in operation on the downhand weld- 
ing on the bottom, following through with the same 
procedure. 

Other subassemblies are assembled on the ways, and 
all welding starts from the forward bulkhead in the en- 
gine room aft. Most of the welding aft is completed 
ahead of that forward inasmuch as there is a greater 
amount of work aft to be done before launching, such a 
boring and setting foundations and machinery. All 
frame to shell and ship connections are made prior to 
welding shell seams. 

The main portion of the hull is welded prior to the 
deckhouse. All shell seam edges are prepared with the 
heavy bevel on the outside. Shell welding starts at the 
forward engine room bulkhead, proceeding aft on the 
horizontal seams. Each seam is carried through to 
within 12 in. of a vertical weld. Then the vertical seam 
is welded and the horizontal weld carried on to the next 
vertical. All shell welding, excepting the finish beads, 
is peened lightly after each pass to clean any slag or 


Figs. 39 and 40—In the Pipe Shop Manual Oxyacetylene Cutting Is Used for Severing Pipes to Size, Trimming, 
Squaring and Oval Intersecting. An Example of This Is the Cutting of the 45° Oval Intersection in a Shaft 
Alley Pipe as Shown in Fig. 39. Pipe Sections Are Tack Welded in Jigs and Then Set Up in Positioners or 


Adjustable Stands as Seen in Fig. 40 for Continuous Welding. 


Where Such Work Is on Galvanized Pipe, 


Fume Exhaust Systems Are Employed as Shown 


Figs. 41 and 42——In the Copper Shop, as Seen in Fig. 41, Three of the Operators Are Given the Navy Silver 


razing Test in All Three Positions. 


In Fig. 42 a Flange Is Being Brazed on a 6-In. Boiler Feed Line Con- 


nection Mounted on a Heating Forge and Using a Long Torch Extension as Well as Multilength Brazing Rods 
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foreign matter which might be present. The peening 
also aids in relieving locked-in stresses. The welding 
in stringer beads is deposited by backstepping. Shell 
welding proceeds in an inverted vee sequence, carrying 
through the lower seams a little ahead of the next seam 
above each. The inside shell welding follows as closely 
as possible to the outside welding. All inside seams are 
manually gouged with the oxyacetylene torch and goug- 
ing into the root of the outside weld and thus making a 
complete full depth penetration weld possible. 

In assembling the deckhouse on the hull, all down- 
hand welding is employed wherever possible, using a 
wandering sequence, and starting at the center of the 
deckhouse, working outward. Overhead welding follows, 
using the same procedure, finally followed by vertical 
welding employing a back step sequence. 


Distortion, Prevention and Correction 


All possible precautions are taken to prevent welding 
distortion. Assemblies during welding are adequately 
supported and held with dogs, strongbacks, wooden 
ribbands and other types of stiffeners. Oversize welds 
are carefully avoided and the welding heat is well 
distributed over a large area of a section by the employ- 
ment of skip or wandering-sequence welding as well as 
by spreading the operators over the work area as widely 
as possible. Distortion is accordingly reduced, as 
the continuity of the shrinkage action is broken up. 

Consideration is given to electrode size and type, 
volume of current, rate of heat input, welding speed and 
procedure, all of which have a decided bearing on dis- 
tortion. The control of these and other factors will 
aid measurably in its prevention. Not to be ignored 
are adequate jigging and hold-down fixtures, careful 
handling of sections during fabrication, and transfer, 
proper fit-up and well-planned methods of support 
during storage. 

Of course, a certain amount of buckling and distortion 
does occur as a result of nonuniform shrinkage and must 
be corrected. To a large degree we accomplish cor- 
rection with the oxyacetylene flame-shrinking process 
which, as we apply it, consists of projecting heat either 
along a line about 2 or 3 in. away from the stiffener or 
beam or, sometimes, directly opposite the stiffener or deck 
weld. For this purpose an oxyacetylene hand torch 
with a large orifice heating tip is utilized. A water jet 
attachment, affixed to the torch, projects the quenching 
water uniformly several inches behind the heating zone, 
the quench progressively following the heating. 

This is now a standard process at most yards and is 
merely an application of the principle of heat applied to 
sufficierit degree to cause expansion and upsetting of the 
metal. In its expansion the heated metal is resisted by 
the compression in the unheated surrounding areas. The 
heated area thickens and, upon being quenched, con- 
tracts and pulls the surrounding areas thus drawing out 
the buckles. Shrinking is an application requiring 
skill and it is essential that the operator have a full 
understanding of the causes of buckling and distortion 
so that he may trace the source of the error and properly 
apply the correction. 


Pascagoula Fabrication Shop 


The greater part of these plates and shapes received 
at Pascagoula from the steel mills are delivered direct 
to our fabricating shop in the yard where shapes are 
flame-cut and sections are welded either for those units 
we have found more economical to fabricate at the 
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shipyard or for subassemblies too massive to ship from 
Birmingham. 

This fabrication shop, as it is now extended and com. 
pleted, is a T-shaped all steel structure, the long ba, 
being 75 ft. wide and 575 ft. long and the short wing bay 
75 ft. wide and 280 ft. in length. Our No. 3 welding 
platen, steel on concrete, 350 ft. long and of shop wid, 
is located in the long bay and served with two overhesj 


Fig. 43 (Top)—A General View of One of the Steel-on-Concrete 
Platens with Overhead Bridge Cranes Serving the Full Platen 
Length and Various Subassemblies Including Inner Bottom in 
urse of Fabrication 
Fig. 44 (Center)—Bulkheads and Deck Plates Are Laid Flat on 
the Platens, Butted and Tacked, Strongbacked and Saddled 
with Wooden Ribbands; Then Stiffeners Are Skip Welded 
Fig. 45 (Bottom)—Turnbuckle Toggles for Taking Up Inner 
Bottom Deck and Bulkhead Plates Prior to Tacking 
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Fig. 46—A 12-Ton Bow Unit, Not as Yet Shell Plated, Nearly 
Ready for Hull Erection 


bridge cranes as well as a number of jib cranes were re- 
quired. Several sections of the shop are devoted to 
Radiograph cutting tables with nearby skids for plate 
storage and handling. A smaller welding platen and 
skids for flame cutting of structural frames, etc., are 
located in the smaller wing. It is almost entirely a 
welded fabrication shop in that there is no punching 
machinery. It houses a trim and a gate shear, 30-ft. 
plate rolls and angle shear. An addition provides 
space for oil-fired furnaces and forming slab. Nearby 
is a 500-ton hydraulically operated keel bender for plates 
up to 25-ft. long, air and electric winches and hydraulic 
bulldozers for heavy work on the slab, such as main 
frames, shell plates, capstan foundations, stems and 
brackets. 

This shop operates night and day, as does the rest of 
the yard, and its organization consists of foreman, 1 day 
and 1 night leaderman, 12 fitters, 12 tackers, 20 welders, 
4 machine torch burners, 5 hand torch burners and 6 
Unionmelt operators. 

A general view of one end of the long bay is shown in 
Fig. 33 which also provides a good view of the close- 
fitting steel platen plates, laid on level concrete founda- 
tion. As in Birmingham, wherever it is possible to tier 
duplicate assemblies, we do so, as is evidenced in Fig. 34> 
In the foreground are longitudinal girders and beyond 
are longitudinal hatch beams. This positioning allows 
for repetitive operation and thus reduces time and costs. 

X-frames are used considerably, as in Fig. 35, for 
teady positioning of shelter deck sections, beam sections, 
intercostals, outboard girders, brackets and other small 
assemblies. They allow for easy turnover with a hand 
hoist on a jib crane and can be arranged in rows to ac- 
commodate as long a section as required. 

_Unionmelt machines are largely employed for opera- 
tions where plates are butt welded together; for example, 
bottom shelfs, tops of inner bottom sections and deck 
plates, most of which is done on the ways. However, 
butts and seams in flat surfaces and fillet welds that can 
be positioned horizontally, as in the case of the second 
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deck outboard girder in Fig. 36 are Unionmelt welded 
in the fabrication shop. Where straight continuous 
welds are possible in thick plates, automatic welding 
provides a smooth appearance at an increased speed. 
The plate edges must be dried and cleaned thoroughly 
as impurities will cause surface porosity, which may con- 
tinue deep into the weld. 

In the short bay of the fabrication shop, as seen 
in Fig. 37, bent-formed 13-in. channels, converted into 
deep L’s at Birmingham for side frames, are trimmed 
to length on skids with the hand-cutting torch, while, 
in another section, forming jigs for forming shell plate 
to contour are fabricated from flame-cut plates and straps 
and then tacked and arc weJded. Such are shown in 
Fig. 38. 

In all, the fabrication shop is responsible for all 
of the layout, shaping and forming for all other de- 
partments. In addition to the items mentioned, its 
production consists of girders, bulkheads, decks, deep 
tanks, small inner bottoms, stern assembly, stern keel 
assembly, frames, shell sections and auxiliary founda- 
tions. 


Pipe and Copper Shop 


There are literally miles of piping—black iron, gal- 
vanized and copper—in a C-3 vessel, and all joints are 
subjected to rigid inspection. To a large extent, partic- 
ularly for the main streamlines, many of the pipe fittings 
such as elbows, flanges, tees, reducers, etc., are furnished 
by Tube Turns, Inc. These have been prepared with 
beveled ends for welded joints which are tight,’strong and 
economical in a permanent installation. Further, they 
require less space, and the elimination of flanges, wher- 
ever possible, facilitates the application of pipe insula- 
tion. 

Our pipe and copper shops are separate buildings. In 
the pipe shop, which operates both night and day, much 
of the oxyacetylene cutting, heating, sectional fitting and 
arc welding of fuel oil transfer, bilge and ballast lines 
is done prior to placement in the subassemblies or in the 
hull. Under the foreman there are two day and one 
night leadermen and 650 fitters operating in and out of 
this shop and on ways, hulls and docks. Considerable 
cold bending of pipe up to 6 in. in diameter is done on 
special bending machines. 

Manual oxyacetylene cutting is employed for severing 
to size, trimming, squaring and oval intersecting as 
illustrated in Fig. 39 in the instance of the 45° oval 
intersection opening in a forward port-side shaft alley 
6-in. diameter galvanized pipe. Joints of built-up 
sections are generally made with the arc using deck spool 
positioners for flanging and adjustable stands for sec- 
tional assemblies. An operation of this kind is shown 
in Fig. 40. This 6-in. galvanized pipe deck tank-top 
assembly was first tack welded in a jig and then mounted 
on the adjustable stands for continuous welding. 

In the copper shop we do most of our silver soldering 
and brazing. This division is not part of the welding 
department although close cooperation exists between 
them. Figure 41 shows three of the coppersmiths 
qualifying for the Navy test for silver brazing operators. 
This test is in conformance with U. S. Navy, Appendix 
VII, Welding, Part E, Section E-5 of March 1939. It 
consists of the perfect joining of copper to bronze and 
bronze to nickel copper through a series of increasing 
and reducing diameters in all three positions. Another 
view in our copper shop is seen in Fig. 42 where the 
operator is brazing flanges on a 6-in. boiler feed line 
connection which is mounted on a heating forge during 
the operation. Note the employment of the torch 
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extension and the available supply of multilength brazing 
rods. 


y 


Platens and Ways 


; Both platens and ways come under our hull depart- 
be ment. The five outside platens have a total of nearly 
100,000 sq. ft. work area. Three of the platens are steel 
plate on concrete, the other two steel plate on graded 
and leveled creosoted timbers. They are flat throughout 
f and at ground level permit the use of the surveyor’s 
4 transit for running center lines and accordingly result- 

ing in working accurately from a true center at all times. 


i Overhead 10- to 15-ton bridge cranes quickly set down 
“ flame-cut and formed plates and sections and clear the 
4 work surface of finished subassembly weldments. Under 
e% the supervision of a platen department foreman are four 
> leadermen, 36 fitters, 36 tackers, 108 welders, 10 burners 
- and 5 chippers divided between the day and night 
shifts. 
. The platens receive the primary assemblies, flame-cut 


and formed plates and structural shapes from Birming- 
: ham and the yard fabricating shops. Here proceeds 
: the assembly of large decks, innerbottoms, bulkheads, 
shell sections, stern and bow sections, steering gear 


~~ 47—Two Afterpeak Subassemblies, One Completed, and 
3 a Fresh Water Tank and Shaft Alley Assembly Are Seen in 
This Platen View 


Fig. 49—The Oxyacetylene Torch with a Gouging Tip Is 
Employed for Removing Unwanted and Substandard Welds 
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flats, large machinery flats, superstructure decks, hate 
assemblies and gun platforms. 7 

A general view for the length of one of these plate, 
is seen in Fig. 43 with forward inner bottom section; 
being assembled in the foreground. The close-up vie, 
in Fig. 44 shows downhand welding proceeding op 
wood-ribband-stiffened bulkhead section and exampl« 
of skip welding used for joining angle iron stiffene,. 
to plate. The use of the wood ribbands provides stiffe, 
ing in handling and aids measurably in prevention of djs 
tortion. 

In Fig. 45 is shown one of the turnbuckle toggles yw. 
employ for taking up inner bottom plates on the plate; 
prior to tacking. It grips the clips and is operate 
by the fitter from a standing position. A 12-ton boy 
unit subassembly is shown prior to shell plating in Fi, 
46; and in Fig. 47 we are looking down upon two after 


peak subassemblies almost ready for hull erection and. 


to the right a fresh water tank and shaft alley assembly 
As quickly as the inner bottom sections are fabricated 


they are moved to the storage space at the head of the 


ways at the inshore end and stacked high, as shown i: 


Fig. 48, ready for the new hull, as soon as the previous 
one has been launched and the keel and bottom strakes 
laid and welded. Other sections, bow, stern, shell, 


Fig. 48—On Completion of Fabrication Inner Bottom Sub 

assemblies Are Stacked at the Inshore End of the Ways Ready 

to Be Sent to Hull ais 7 as a i as the Previous Hull Is 
unc 


Fig. 50—Buckles in Decks, Bulkheads and Other Flat Areas 

Are Removed with the Heating and Shrinking Process Em- 

ploying the Oxyacetylene Heating Tip Followed by a Quench- 
ing Water Stream 
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bulkheads, tanks, etc., are generally so coordinated in 
assembly that they are timed to go to hull erection 
direct from the platens. 

The hull operations are more or less standard as else- 
where, our production problems having been solved for 
— the most part in our fabrication shops and on our 
» platens. There is the occasional seam weld removal 
» with the oxyacetylene gouging torch of course, as il- 
) lustrated in Fig. 49, where a burner is gouging the weld 
§ irom a horizontal seam of the outside shell plating of 
the stern transom. And, when all welding is completed, 
buckles in decks, bulkheads and other flat areas are 
removed by employing the heating and shrinking process 
on, for instance, the main deck inside the deckhouse 
shown in Fig. 50, where the straightener is using an 
oxyacetylene torch followed by a quenching water- 
stream along both sides of a transverse seam. 

Two of our early ships which represent our early ef- 
forts are seen in Figs. 51 and 52. 


m Sub 
s Ready 
Hull Is 


Figs. 51, 52 and 53—The C-3 Design Lends Itself to Conversion 

with Various T of Vessels Exemplified by the Mormacmoon, 

a Cargo Vessel, Shown in Fig. 51, the African Meteor, an 

Express Cargo Ship, Shown in Fig. 52 and the C-3 Conversion 
to a Navy Aircraft Carrier Seen in Fig. 53 


Fig. 53 


Conclusion 


We are naturally proud of our welding and the ships 
that have left our ways. The Exchequer in 1940 was 
followed by the Mormactide, the Mormacmoon, the Mor- 
mac Penn and the cargo passenger vessels the African 
Comet, African Meteor and African Planet, and all have 
proved themselves in war service, stout vessels. We 
continue to put the same quality of workmanship into 
the newer C-3 vessels called for in our extended con- 
tracts with the Maritime Commission, vessels that we 
have been building at a greatly increased tempo since 
Pearl Harbor. In Fig. 53 is seen one of the later ships 
to leave our ways, a C-3 converted Navy Aircraft 
Carrier. It is of the type that has so well distinguished 
itself lately, particularly along the North Atlantic con- 
voy routes and in the Mediterranean, giving rise to 
much favorable newspaper comment. 


Practical Design of Welded Steel Structures 


By H. M. Priest 
) e An attractive booklet of 150 pages bound in cloth covers with subject index. 
‘ ‘ ; This book will be of great assistance to those concerned with the design, 
' 2 6 inspection or the welding of steel structures such as buildings and bridges. 
Price $1.00. 
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planes, Gladden Products, Inc., Glendale, Calif., 
have redesigned many of their tools in order to © 
save valuable machine time. 
b Illustrated is the old method and the new design of a 
boring bar. Formerly, much time was used to manufac- 
ture the bar due to the amount of machining necessary. 
The new design calls for 17/s- or 2-in.-thick walled tubing, 


"planes, G in boring landing gear struts for air- 


* Winner of an award in Hobart’s Arc Welding News Monthly Contest. 
Drawing Courtesy, The Hobart Brothers Company, Troy, Ohio. 


Redesign for, Welding Saves Valuable Machine 
Time in Aircraft 


By R. W. Cripe* 


making drilling for oil hole unnecessary. Cutting tip is 
built up by are welding using tool steel electrodes. 

The cost of the boring bars made under the old method 
of machining amounted to approximately $100. Using 
the thick-walled tubing and building up the cutting tip 
by arc welding, the cost of the boring bars now amounts 
to only $20. Gladden Products are now using arc welding 
for manufacturing of hundreds of such types of tools on 
other machining operations. 


Forces as a process for the fabrication and repair 

of aeronautical equipment has been established 
by controlling the quality of the welded joint. This 
control may be separated into five principal categories: 
(1) The approval of the welding equipment; (2) the 
approval of the welding rod or electrode; (3) the ap- 
proval of the welding characteristics of the base metal; 
(4) the certification of welding operators; (5) the in- 
spection of the finished weld. The first two are enforced 
through procurement specifications, and apply prin- 
cipally to direct government purchase for such equip- 
ment. The third is also controlled by specifications 


sk: acceptance of arc welding by the Army Air 


* Presented at the Annual Meeting, A.W.S., Chicago, IIl., Oct. 18 to 21, 1943. 
t — Materials Laboratory, Engineering Division, AAF Matériel Com- 
mand. 


Applicable Methods of Inspection of 
Arc Welding of Aeronautical 
Equipment 


By J. B. Johnson‘ 
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which govern the chemical composition and mechanical 
characteristics. The fourth is enforced through a1 
Army-Navy Specification for welding operators’ certifi = 
cation which applies on all contracts for aeronautical | 
equipment. The fifth, in which we are primarily in- B “ 
terested at the present time, is established by means of FB “* 
specifications and inspection memoranda. p Pe 
The airframe manufacturers are required to inspect 
control surface frames, tubular fuselage frames, engine Fy tio 
mounts, control surface fittings, landing gear attacl- 
ment fittings, shock absorbing devices, seat supports & a 


wing attachment fittings and safety belt attachment 
fittings, by means of magnetic inspection in accordatice 
with Army-Navy Specification AN-QQ-M-181. This 
specification gives detailed requirements for both the 
circular and the bipolar methods, using either the wet 
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or dry process. Many ingenious jigs and fixtures have 
been developed for properly applying the liquid to the 
magnetized framework on a production schedule. Mag- 
naflux improperly applied may be supersensitive, that is, 
it will pick up inclusions and surface scratches, die mark 


on tubing, which are not welding defects. It requires 
an experienced operator to avoid unnecessary rejec- 
jons. 
A modification of the magnaflux inspection is the use 
of fluorescent powder which under certain lighting con- 
ditions accentuates the outline of the crack and aids in 
its detection. In the case of hollow sections, the magna- 
flux test is often supplemented by an air pressure test in 
which the part is immersed in plain water or soap solu- 
tion and an air pressure of approximately 40 Ib. applied 
to the inside of the section. The outside is examined 
visually for bubbles. The above inspection methods are 
developed to detect cracks and will not indicate many 
defects in welds such as inadequate penetration, excessive 
convexity of bead, undercutting and similar character- 
istics, due to poor workmanship. These defects can 
only be detected by careful visual inspection. The most 
serious defect for which there is no adequate inspection 
method is inadequate penetration of the weld metal into 
the base metal. This can only be positively detected by 
cross sectioning the weld and coarse etching the part. 
This is part of the welding procedure for the certification 
of operators, but, of course, is not a practical method 
of inspection on finished parts. The most effective 
method of control is constant supervision on the part 
of the welding foreman. 

The repair of aluminum castings by welding is per- 
mitted by either the torch or arc method. The areas 


Inspection of Steel Arc 
Welding 


By W. S. Evanst 


that the quality of work will meet the requirements 

of the customer’s specifications. To establish an 
efficient inspection procedure, it is necessary to consider 
several factors. Among these are: 

1. The inspector and his qualifications. 

2. Establishment of correct welding procedures. 

3. The proper use of inspection methods such as 

_ magnetic inspection, X-ray, etc. 

Under certain conditions the material and design 
would become involved, however, during this discussion 
we will assume that they are correct. 

The inspector should be an alert person with good 
eyesight. This is essential because a large amount of 
weld inspection is visual. He should have some ex- 
perience as a welding operator. In addition, it is neces- 


[ tise tie aa of arc welding is necessary to guarantee 


| Sary that he have some knowledge of the physical and 


metallurgical aspects of the welding process. The selec- 


§ tion of the welding inspector should be made carefully 


because on his integrity and judgment rests the guarantee 


| of quality welding. 


One of the most feasible methods for eliminating weld- 
ing difficulties and assisting the inspector is to establish 


* Discussion of the i 
u ‘ preceding paper by J. B. Johnson. 
t Curtiss Wright Corp., Airplane Div., &. Louis Plant. 


in which welding is permitted are classified into two 
classes, high-stressed areas and low-stressed areas, and 
which are designated on the blueprint. It is required 
that all welds in highly stressed areas by X-ray-inspected 
in accordance with Army-Navy Specification AN-QQ-M- 
188. This specification establishes the requirements for 
radiographic inspection of metals for cracks, blowholes, 
requiring the use of penetrameters as a means of judging 
sharpness of the image on the film. Inspection mem- 
oranda also require the identification of all welds so 
that they will not lose their identity when the casting 
is delivered to the prime contractor. The welding of 
magnesium castings is confined to the heliare method. 
Otherwise the procedure is the same as for aluminum 
castings. Welds in steel castings are governed by 
similar directives, except that magnaflux inspection 
has been accepted in lieu of X-ray inspection. Zyglo 
inspection of welds in non-ferrous castings is often used 
as a preliminary check of welds in highly stressed areas 
and as a check on welds in low-stressed areas, but is not 
accepted in lieu of radiographic inspection on the former. 

The inspection of finished welds is not a precise opera- 
tion. The inspector must exercise considerable judg- 
ment in the interpretation of the magnaflux indications 
and X-ray film. The assurance of sound and mechan- 
ically satisfactory welds in aircraft structures depends 
to a large extent on the care and experience of the oper- 
ator and the welding foreman, and the control of preheat 
and postheat temperatures and the proper application 
of such heat to the parts being welded. This is thor- 
oughly appreciated by most of the constructors of air- 
craft equipment, and a continuous inspection and check 
of the welding process are carried on. 


sound welding procedures. Experience in the fabrica- 
tion of many welded assemblies indicates that the 
majority of weld defects such as slag inclusions, cracks, 
etc., may be directly traced to incorrect welding pro- 
cedures. The correct welding procedure can be estab- 
lished by close coordination between the welding engi- 
neer, the inspector and the shop foreman. Clearcut 
written procedures eliminate the excuses for poor work- 
manship and at the same time ease the burden on the 
inspection department. 

Once a correct procedure has been established, it is 
still necessary that the finished product be examined for 
the quality of the welding. An experienced inspector 
can tell a great deal concerning the quality of the weld 
by its appearance under visual examination, where large 
cracks, undercutting, excessively large or small beads, 
craters and other indications of poor welding are readily 
apparent. Such conditions can usually be eliminated 
by correcting the machine settings or making modifica- 
tions in the welding procedure. 

Somewhat more difficult are the location and identifi- 
cation of defects such as slag inclusions, small cracks and 
other imperfections which require the use of inspection 
equipment. For some years magnetic inspection has 
been used in aircraft manufacture for this purpose. 
However, in some cases it has been seriously abused 
resulting in an excessive amount of rework that was not 
actually necessary. It is essential that an inspector 
operating magnetic inspection equipment in the in- 
spection of arc welding be suitably qualified through 
experience or instruction to enable him to evaluate 
properly the indications received during this inspection 
process. Defects must be evaluated on the basis of 
their effect on the integrity of the finished product. 
Indiscriminate interpretation of defect indications will 
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result in the rejection of many usable parts. For this 
reason, standards of acceptance must be established by 
cooperation between the laboratory, structures de- 
partment and the inspection department. Static testing 
or macroscopic examination of typical examples often 
serve to establish a standard of magnetic inspection. 

The Magnaglo Process, which has recently been de- 
veloped for the inspection of ferrous materials, can also 
be used as an inspection medium. However, it requires 
very careful interpretation of the indication. Minor 
defects will appear more serious under this process unless 
the operator is suitably educated in its use. Again. 
correlation between static tests, laboratory examination 
and actual inspection results must be used to establish 
the standards of inspection. 

The X-ray process is relatively expensive and has 
found only limited application in the inspection of air- 
craft steel arc welding. The quality of the weld can be 
more or less accurately determined by this process. 
Again, however, interpretation is a serious problem. 
In many plants X-ray is used as a laboratory tool in 
establishing inspection standards using other processes. 

To sum up, we may state that the establishment of 
efficient inspection depends largely on the careful choice 
of the inspector, the use of correct welding procedures 
and clearcut standards for visual inspection of the weld 
and inspection with the use of some special equipment. 
In this way inspection will serve to eliminate the pos- 
sibility of poor quality welding being used in production, 
and the same time prevent the wholesale scrapping of 
usable parts. 


War Worker Strikes 


New Note with All- 
Welded String 
Instruments 


By J. R. Morrill* 


ABRICATION of the first all-welded aluminum 
guitar and mandolin is the unique claim of Mr. 
Victor D. Thomas, of Kent, Ohio, who recently 

showed samples of his handiwork to officials of The 
Lincoln Electric Co., Cleveland, Ohio. Mr. Thomas, 
who designed and made several of the instruments in his 
spare time, was recently offered $150 for one of the small 
mandolins. 

A welder war worker at the Twin Coach Co. in Kent, 
Ohio, peacetime manufacturer of aluminum busses, Mr. 
Thomas made the original arc-welded aluminum guitar 
to prove to one of his scoffing friends that it could be 
done. 

The main advantage of the aluminum guitar and 
mandolin is that they will not warp, and will maintain 
tones much more accurately than similar instruments 
made of wood, which are affected by changes in humidity 
and weather. 

The mandolin and guitar are constructed of light-gage 
aluminum sheet. The component parts of the guitar, 
cut and shaped to size, are shown in sketch A, Fig. 1. 
The parts are then welded at the joints with a 5% silicon 


on to the Vice-President, The Lincoln Electric Co., Cleveland, 


aluminum alloy shielded arc electrode of */,. in. Size 
specially made for welding aluminum in any form, 

The top of the instruments have a double curvaty, 
which is found in only the very expensive mandolins ayj 
guitars made of wood. This special curvature, put int 
the instrument without the aid of dies, gives it a superig 
resonating quality found in only high quality guitars ayy 
mandolins of the conventional type. 


Fig. 1—(A) Component Aluminum Parts for Welded Guita 
(B) Detail of Fret and Fingerboard Construction. (C) Detaij 
of Welded Fingerboard Assembly 


Fig. 2—Instrument Builder, Victor Thomas, Picks Out a Tune 
on His Arc-Welded Mandolin. Aluminum-Welded Guitar of 
Similar Design Shown in Foreground 


The fingerboard is made of a '/4-in. thick bar of alum 
num with copper-alloy frets inserted in saw cuts in the 
side of the bar (sketch B, Fig. 1), which were later 
calked and welded. The bottom corners of the frets 
were filed off before insertion so that the copper alloy 
would not be melted by the electric arc and interfere with 
the weld made in joining the two portions of the finger 
board as shown in sketch C, Fig. 1. The parts compris 
ing the main sound box of the unit were tack welded 


place all around the joints, then skip welded to avoid dis F 


tortion of the finished assembly. 

One of the outstanding guitar players of the country 
once remarked that this welded guitar was one of the 
finest instruments he had ever played. 

Mr. Thomas, shown in Fig. 2 with two of his welded 
products, had never been musically inclined before be 
started to make the guitars and mandolins, but in ordef 
to make sure that his welded instruments had the prope 
tone qualities and were easy to play, it was necessary 10 
him to become proficient in playing both the mandolit 
and guitar. 
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Another example of Westinghouse electronics 
leadership is a new built-in rectifier that sup- 
plies power for energy-storage resistance weld- 
ers used in aircraft fabrication. 

The new rectifier permits combination of 
welder and controls into one smooth working 
unit...completely eliminates the separate 
control cabinet formerly required .. . elimi- 
nates lengthy, bothersome wiring between 
welder and controls. 

It provides the ultimate in ease of installation 
and facilitates the shifting of equipment to 


ISTANCE 


WELDING 


ELIMINATES SEPARATE CONTROL. New compact, built-in 
rectifier does away with bulky separate cabinet and wiring. 


meet changed production demands. An out- 
standing feature is the employment of the new 
Hipersil* Transformer core, which makes pos- 
sible important space reductions, together with 
elimination of the need for water or forced-air 
cooling. Use of new type, smaller electronic 
tubes, reduces maintenance costs. 

If you are a user or manufacturer of magnetic 
or capacitor-discharge energy storage resistance 
welders, let Westinghouse solve your control 
problems. Our electronic specialists will be 
glad to consult with you. J-21293 


*Registered Trade-mark, Westinghouse Electric & 
Mfg. Co. for High PERmeability StLicon steel. 
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AMERICAN WELDING SOCIETY 


ACTIVITIES = RELATED EVENT 


MESSAGE FROM OUR PRESIDENT 


An eventful year in the history of the 
AMERICAN WELDING Socrety is rapidly 
drawing to a close and while it is difficult 
to properly appraise all that welding has 
accomplished for the war effort during the 
past year it is an undoubted fact that but 
for the extensive use of welding our un- 
precedented production of ships and the 
many other instruments of war could not 
possibly have been achieved. By this 
time next year it is to be hoped that the 
war will be won and we will be able to 
turn to peacetime pursuits and apply our 
welding experience to the fabrication of 
articles of commerce which will contribute 
to the comfort and prosperity of our citi- 
zens. During this emergency we have 
learned more than ever to work together 
in solving our welding problems through 
the fullest exchange of information con- 
sistent with inevitable censorship re- 
strictions. Our Socrety provides a useful 
mechanism for the freest exchange of 
ideas and the entire welding industry will 
benefit by the maximum use of its re- 
sources in the future as in the past. 


I would like to take this opportunity of 
extending to all the Members of the 
AMERICAN WELDING SocriETY my best 
wishes for a Happy and Prosperous New 
Year. D. Arnott 


BOARD OF DIRECTORS MEETING 


A meeting of the Board of Directors of 
the AMERICAN WELDING SOCIETY was 
held on Oct. 21, 1943, in the Morrison 
Hotel, Chicago, Ill. 

Present were: D. Arnott, President 
Presiding; C. A. Adams, R. W. Clark, 
E. V. David, J. H. Deppeler, T. C. Fether- 
stone (alternate J. H. Critchett), O. B. 
J. Fraser, F. C. Fyke, J. C. Gowing, K. L. 
Hansen, I. Harter, C. H. Jennings, F. L. 
Plummer, E. R. Seabloom, A. C. Weigel. 

Present by invitation were C. I. Mac- 
Guffie, Chairman, Manufacturers Com- 
mittee; W.Spraragen, Editor, Tuk WELD- 
ING JouRNAL; M. M. Kelly, Secretary, 
A.W5S. 


A.W.S. Army Ordnance Advisory Com- 
mittee 


It was voted to approve recommenda- 
tion of the Outline of Work Committee 
for the appointment of an A.W.S. Army 
Ordnance Advisory Committee with scope 
and personnel as given below: 

Scope.—To assist on specially assigned 
welding projects as requested by the Army 
Ordnance Welding Committee. 

Personnel—R. W. Clark, Chairman, 
General Electric Co.; S. A. Greenberg, 
Assistant Technical Secretary, A.W.S.; U.S. 
Army Ordnance Dept.— 

(1) Technical Division, (2) Tank and 


Automotive Center, (3) Watertown Ar- 
senal, (4) Rock Island Arsenal; O. R. 
Carpenter, The Babcock & Wilcox Co.; 
E. C. Chapman, Combustion Engineering 
Co.; J. J. Chyle, A. O. Smith Corp.; J. 
M. Diebold, The Yellow Truck & Coach 
Mfg. Co.; J. H. Humberstone, National 
Research Council; W. B. Lair, York Safe 
& Lock Co. 


A.W.S. Participation in 1944 National 
Metal Congress and Exposition 


It was reported by Mr. MacGuffie, 
Chairman of the Manufacturers Com- 
mittee, that his Committee met in Chicago 
on October 20th and was very well satis- 
fied with the interest and attendance of 
the 1943 Annual Meeting. It considered 
the desirability of participation in the 
1944 National Metal Congress and Ex- 
position, if held, and if invited. As a re- 
sult of the discussion, the Committee of- 
fered the following recommendations: 

1. That no exhibits be held for the 
duration of the war in compliance 
with the WPB’s specific request 
of September 7th which was sent 
to all manufacturers of welding 
equipment prior to this year’s 
meeting. 

2. That a technical session be held in 
1944 in conjunction with the 
Metals Congress similar to this 
year’s successful meeting, provid- 
ing satisfactory arrangements can 
be made. 

It was voted that the report of the Man- 

ufacturers Committee be accepted. 

It was voted to authorize the Conven- 
tion Committee to go ahead with tentative 
plans for holding the 1944 Annual Meeting 
of the A.W.S. in Cleveland, Ohio, the 
week of October 16th. 


Appointments 


Secretary and Assistant Treasurer.— 
Upon motion, duly seconded, it was voted 
that M. M. Kelly be reappointed Secretary 
and Assistant Treasurer of the AMERICAN 
Wetprinc Society for the administrative 
year, commencing Oct. 21, 1943. 


Standing Committees 


Executive Committee —D. Arnott, Chair- 
man, I. Harter, A. C. Weigel, O. B. J. 
Fraser, R. W. Clark, C. A. Adams, H. C. 
Boardman (alternate). 

Finance Committee—O. B. J. Fraser, 
Chairman, I. Harter, H. C. Boardman, 
E. V. David, R. D. Thomas, M. M. Kelly. 

Membership Commitiee.—G. N. Sieger, 
Chairman, D. H. Corey, Secretary. Mem- 
bers-at-Large: M. A. Barrett, Henry 
Booth; A. F. Davis, F. C. Fyke, D. B. 
Hunt, P. W. James, R. L. Kohlbry, T. 
Lewis, J. L. Stover, W. B. Strathdee. 

Committee on Admissions—O. T. Bar- 


nett, Chairman, J. L. Edwards, L. S.° 


McPhee, J. F. Maine. 


1030 


Outline of Work Committee. —The fy 
lowing were appointed members-at. 
on the Outline of Work Committee for the 
administrative year commencing Oct, 9 
1943: H.C. Boardman, O. B. J. Frase 
B. Brugge. 

Convention Committee—E. V. Dayij 
Chairman; Ross Yarrow, Vice-Chairm 
(designated by Section where meeting js 
being held); M. M. Kelly, Secretary 
A.W.S.; O. B. J. Fraser, Treasurer, AW 
S.; C. I. MacGuffie, Chairman, May 
facturers Committee; E. Vom Steey i 
Chairman, Program Committee; Wi 
Spraragen, Secretary, Program Commi. ¢ 
tee; C. J. McDonough, Chairman, Py). 
licity Committee; A. L. Pfeil (Secretar 
of Section where meeting is being held), 

Program Committee—E. Vom Stey 
Chairman, W. Spraragen, Secretary, 0.7 
Barnett, L. C. Bibber, E. C. Brecklebauy 
D. H. Corey, E. V. David, E. J. Del \: 
chio, R. S. Donald, T. C. Fethersta 
LaMotte Grover, G. O. Hoglund, A. } 
Kinzel, G. S. Mikhalapov, F. L. Plumme 
R. E. Powell, Chas. Schenck, J. W. She 
fer, J. Lyell Wilson. * 

Publicity Committee —The 
were appointed members of the Public it 
Committee for the administrative ywiiy 
commencing Oct. 21, 1943; with a request 
that it consider first, publicity policsil 
and program, for submittal to the Board 
Directors for approval: C. J. McD 
ough, Temporary Chairman, T. C. Fether 
ton, Merritt Smith, W. Spraragen, J. 1 
Stover, G. Van Alstyne. 

Manufacturers Committee —C. I. 
Guffie, Chairman, W. B. Baker, W. im 
Bleecker, M. S. Clark, A. F. Davis, W. Li 
Hobart, E. L. Mills, J. D. Roberts, W. 
Reddie, M. H. Rutishauser, E. C. Smith 
R. D. Thomas, J. B. Tinnon, G. Vz 
Alstyne, V. H. Van Diver, I. B. Yate 

Section Advisory Committee. —Inasmut 
as proposed By-Law amendment au 
matically making the District Vice-Pres 
dents members of the Section Advisoy 
Committee was approved at the Sect 
Officers Conference in Chicago on (0 
20, 1943, it was voted that the Distncyy 
Vice-Presidents be made members of (#]% 
Section Advisory Committee for the “9 
ministrative year commencing Oct. 1% 
1943, and that C. H. Jennings be # 
pointed Chairman of the Committee. 

Publication Committee—A. C. West 
Chairman, W. Spraragen, Secretary, C.4 
Adams, T. C. Fetherston, C. I. Ma 
Guffie, Milton Male, A. G. Oehler, P. ' 
Swain, G. Van Alstyne. 

Revision of By-Laws Committee.—H. 
Hill, Chairman, J. J. Crowe, H. M. Paes 

Educational Committee —J. H. Zimmt 
man, Chairman, W. F. Hess, W. J. Coalti 
P. E. Kyle, J. R. Stitt, W. T. Tiffin, A! 
Davis, G. F. Jenks. 


Public Relations Committee —H. 
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— a new electronic control 
unit for low-capacity resistance weld- 
ers. It is especially suitable for welding 
small copper, brass, bronze, and steel 


parts which are usually soldered, brazed, or riveted. 


Designed for high-speed production, this new 
control unit may effect as much as a 2-to-1 saving 
in time compared with conventional methods. The 
welds are uniformly good; spoilage is reduced. 
These results are possible because the control can 
be operated at speeds as high as 350 times a min- 
ute, yet welding current will be the same for each 
weld, and the operator has at his fingertips precise 


control of the time of current flow. 


A number of these electronic control units are 
being used in our own factory to provide the precise 
control required in the manufacture of G-E elec- 
tronic tubes. Since their installation, not only has 
production increased, but the records also show 
fewer rejects, more consistent welds, and lower 
maintenance cost. 


General Electric has a 


complete line of electric 


ELECTRONIC 
CONTROL 


including electronic control for spot and seam- 


equipment for resist- 
ance-welding machines, 
welders, weld and sequence timers, weld re- 
corders, cable, instruments, circuit breakers, trans- 
formers, capacitors, motors, and control. Whatever 
your welding job, consult your welding-machine 
manufacturer for the right type of equipment. Or 
contact our nearest office; our engineers will be glad 
to help you. General Electric Co., Schenectady, 
New York. 


Every week 192,000 G-E employees purchase more than a 
million dollars’ worth of War Bonds. 


GENERAL @ ELECTRIC 


646 25 


ADVERTISING 


This compact, electronic con- 
trol panel (CR7503A138) 
can be installed on, or 
mounted under, the assembly 
bench. A calibrated dial on 
the front provides easy ad- 
justment of the weld time. 
Time range: 4 cycle and 
from 1 to 10 cycles; maxi- 
mum current demand: 53 
amperes, at 230 or 460 volts. 
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Smith, Chairman, H. F. Reinhard, J. I. 
Banash, A. F. Davis, J. H. Deppeler, J. O. 
Jackson, D. S. Jacobus, C. I. MacGuffie, 
A. M. Meyers, E. C. Smith. 

Committee on Awards——On recommen- 
dation of the President, Professor Gilbert 
E. Doan was appointed a member of the 
Committee on Awards for a 5-yr. term 
commencing Oct. 21, 1943, to replace the 
retired member. 

Permanent Fund Committee.—On recom- 
mendation of the President, Mr. J. H. 
Critchett was appointed a member of the 
Permanent Fund Committee for a 5-yr. 
term commencing Oct. 21, 1943, to replace 
the retired member. 

The President stated that the following 
committees will be continued until the 
completion of assignments: 


1. Special Committee on Handling 
Requests for Foreign Libraries. 

2. Special Committee on Building up 
Permanent Funds. 

3. Special Committee on Membe?ship 
Application Form to complete 
assignment on “Sustaining Mem- 
ber” and “Student Member.” 

Welding Handbook Committee. 

Special Committee on Recom- 
mended Procedure for Publishing 
Educational Manuscript in Book 
Form. 


Designation of Officers to Sign, in Behalf 
of the Society, Checks, Notes and Other 
Documents 


On recommendation of the President, 


resolution was adopted, authorizing the 
Treasurer and Assistant Treasurer, and in 
the absence of either of these officers, the 
President, to sign, on behalf of the So- 
ciety, checks, notes and other documents. 


Plans for Future Activities 


The President expressed himself as well 
satisfied with the progress the Socrery 
has made. He feels strongly with the 
Treasurer that the A.W.S. has not a suf- 
ficient financial background to take care 
of its ordinary operations in lean years 
and, therefore, believes steps should be 
taken at this time to build up permanent 
funds. 

The Chairman of the Special Committee 
on Building Up Permanent Funds re- 
ported that two meetings of the Commit- 
tee had been held, one in the early spring 
when consideration was given to the de- 
sirability of raising money for the purpose 
of building up the Socrety’s permanent 
funds. The findings of the Committee 
were reported to the Board of Directors 
and the Committee was then given author- 
ity to proceed with plans for raising the 
money. 


METAL CONGRESS ANNOUNCED FOR 
CLEVELAND’S PUBLIC AUDITORIUM 


With the successful conclusion of the 
National Metal Congress and War Con- 
ference Displays in Chicago’s Palmer 
House, the board of trustees of the Ameri- 
can Society for Metals approved a 1944 


meeting for Cleveland next October 16th 
through 20th. 

“The 26th annual Metal Congress ang 
Conference Displays will be helg ia 
Cleveland’s vast Public Auditorium, soon 
of some of the most successful meetings jg 
the history of the Society,” said W, 9 
Eisenman, national secretary of the g& 
ciety and managing director of the Cop, 
gress and Displays. 

“The facilities of Cleveland’s 
Auditorium will easily accommodate g 
large attendance and every size and type 
of exhibit installation,” Mr. Eisenmay 
continued, adding that “the 23,294 mety 
men who crowded into the Palmer Hong. 
proved once again the wartime intereg 
in the Metal Congress and the informa. 
tion developed at the Displays. 

“While many manufacturers have gj. 
ready expressed an interest in displays at 
the Cleveland meeting, floor layouts in the 
Public Auditorium cannot be completed 
until early next year when full details wil] 
be announced.” 


WELDABILITY OF STEELS 


The AMERICAN WELDING Society has 
arranged for the publication of the re 
search report by Dr. W. F. Hess, L. L, 
Merrill, E. F. Nippes and A. P. Bunk, in 
attractive pamphlet form. The report 
deals with the comprehensive investigation 
on Measurement of Cooling Rates Asso 
ciated with Arc Welding and Their 
Application to the Selection of Optimum 
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Yes, we mean it! You can now count on immediate delivery of RACO 11 


...the electrode that the Welding Foreman A.W.S.—A.S.T.M. Filler Metal Specifications 
of one of the largest shipyards calls "the = _4233-42T Classification E6011; Navy Bureau 


best his crew has worked with...an 
of Ships Specification 46E3, Grade Il, 


clean welds free from gas pockets and Classes 1, 2, 3; American Bureau of Ship- 
slag inclusion.” ping Specifications HIG and BIG; A.S.M.E. 


...the electrode that has proved to be the Boiler Code, Paragraph U68. 


ideal utility electrode...that can be 
used on AC or DC...and give superior All those features...plus immediate de- 


results on mild steel in all positions. ’ livery! Write NOW for samples of RACO 11 


...the electrode that complies with the | -+-<nd full information on RACO electrodes 


following specifications : for every welding job. 


75 5 
45 
68 
79 
38 : 
61 
39 
= 
33 
84 
67 
64 
40 
51 
57 
55 
ard A 


Welding Conditions. The pamphlet con- 
tains 46 pages, Journal size, and may be 
obtained at 50¢ per copy. 


STANDARD SPECIFICATIONS FOR ELE- 
VATED STEEL WATER TANKS, STAND- 
PIPES AND RESERVOIRS 


The 1941 edition of the American 
Water Works Association-American Weld- 
ing Society “Standard Specifications for 
Elevated Steel Water Tanks, Standpipes 
and Reservoirs’”’ has been revised and re- 
printed in a 1943 edition. Copies may be 
obtained from the American Welding 
Society, 33 West 39th St., New York 18, 
N. Y., at a cost of 30 cents each. 


PREVENTING WELDING AND CUTTING 
FIRES 


To instruct users of welding and cutting 
equipment in reducing potential fire losses, 
the International Acetylene Association 
has prepared a convenient, 16-page, 
pocket-size booklet entitled ‘‘ Preventing 
Welding and Cutting Fires.”” This book- 
let, written in easy-to-understand style, 
contains brief, clear discussions of the 
chief causes of fires and practical, com- 
monsense measures for preventing them. 


A copy of this booklet should be placed 
in the hands of every welding and cutting 
operator. It may be obtained in reason- 
able quantities without charge directly 
from the International Acetylene Asso- 
ciation, 30 East 42nd St., New York 17, 
N. Y., or from any manufacturer of oxy- 
gen, acetylene, carbide or welding and 
cutting equipment. 


UNDERWATER CUTTING 


The Victor Equipment Co., 844 Folsom 
St., San Francisco, Calif., has just issued 
an 8-page attractive pamphlet giving full 
details on their new Underwater Cutting 
Torch. Full information as to how to use 
this torch, together with complete illus- 
trations, is included in the pamphlet. 
Copies available on request. 


ARMY-NAVY “E” TO RANSOME 


Presentation of the Army-Navy ‘“E” 
Pennant “‘for outstanding war production”’ 
to the employees and management of 
Ransome Machinery Co., Dunellen, N. J., 
a subsidiary of Worthington Pump and 
Machinery Corp., was made October 30th 

The award to Ransome was the eleventh 
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of the Navy “E,”’ Army-Navy ‘ yw 
Maritime ““M” Awards won by 
the Worthington Corp. 

Welding positioners built at the Dung 
len plant play vital roles in Navy ship. 
yards and repair bases. They also he, 
build the ships of the Maritime Comm; 
sion’s Victory Fleet in the machine shops 
and shipyards of America. 


AMERICAN STEEL & WIRE Co. 
APPOINTMENT 


E. A. Murray has been appointeg 
assistant manager of the manufacture 
sales department in the Chicago sal« 
office of the American Steel & Wire (Co 
subsidiary of U.S. Steel Corp. 

Born in Youngstown, Mr. Murray re. 
ceived his elementary and high schog 
education in East Cleveland before ma 
triculating at Western Reserve Univer 
sity in Cleveland. He started working for 
the American Steel & Wire Co. in May 
1934, as a sales correspondent in the many 
facturers sales department in Chicago 
In June 1935, he was transferred to S| 
Paul, Minn., as a salesman and in Octobe 
1941, he was moved to Cleveland as super 
visor of the priorities division of the Cleve 
land general sales office which position he 
has held to the present time. 


(Automatic Open Circuit Voltage Variation) 


@ WHEN changing electrodes in hot or wet weather 
G-R provides extra safety for operators of *already 


safe G-R Welders. 


The instant actual welding stops, G-R VOLT-O-MATIC 
control drops open circuit voltage from 80 to below 
25... automatically raises it to welding level when 
contact with the work is re-established. Now stand- 
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GLENN-ROBERTS COMPANY 

q 1009 FRUITVALE.AVENUE 

(OAKLAND, CALIFORNIA 
P.O. Box 1814, 


ard on G-R Model 49 at no price increase, optional 
at extra cost on other G-R industrial models. 


* SAFETY has long been a G-R feature, due to the absence of 
surge voltages and capacitance effects when properly grounded. 
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of certain masters of handcraft have stood out above 


all others in their class. 
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Despite the wonders of this machine age, the fash- 


ioning of United Electronic Tubes is essentially an opera- 


tion of unsurpassed hand craftsmanship. 


4 Tubes by United are regarded as masterpieces in 
: their field. One of the many reasons for this reputation is 
3 that United has been for long years a specialist and pioneer 


in transmitting tube design and production .. . exclusively. 


Another important reason for UNITED leadership 


is that the UNITED production policy never has been 
“MBER fy Transmitting Tubes EXCLUSIVELY Since 1934 one of how many—but how well. 


New Jersey 


>> 
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ROSS JOINS HANDY & HARMAN 


John B. Ross, formerly with The Linde 
Air Products Co., has been appointed to the 
West Coast engineering office of Handy & 
Harman. Mr. Ross will serve West Coast 
industries and shipyards in the capacity 
of brazing engineer in the application of 
Handy & Harman’s silver brazing alloys 
and other precious metal products. Mr. 
Ross is a graduate of the University of 
California where he was employed for 
some time on advisory work. Following 
this, he went with a large Western oil 
company and finally became associated 
with the gas consuming apparatus field 
which he has served since 1925. In his 
new appointment, Mr. Ross will make his 
headquarters at the Los Angeles office of 
Handy & Harman which serves California, 
Washington and Oregon. 


ELECTRODE HOLDER 


A new six-page circular has been issued 
by Martin Wells, 5886 Compton Av., Los 
Angeles 1, Calif., covering facts about 
Wells ‘“‘Suregrip’’ Holders. Copy avail- 
able on request. 


CUTTING TOOL CONSERVATION 


A very interesting and informative 
pamphlet with many diagrams has been 


issued by Thomson-Gibb Electric Welding 
Co., Lynn, Mass., on precision welding 
of high-speed steel tips to carbon steel 
shanks. This process applies to drills 
and cutting tools of all sorts, broaches and 
other tools. The welded pieces are ready 
for final machining or grinding. Besides 
saving critical metal the method is sure, 
safe, quick, precise, low cost. Copy avail- 
able on request. 


1944 FOUNDRY CONGRESS 


With castings recognized as the ‘‘No. 1 
Critical Material” of war production, the 
foundry industry will meet in Buffalo, 
N. Y., next April 25-28 for the 3rd War 
Production Foundry Congress, seeking 
answers to their most pressing problems of 
control, production and quality. This 
48th annual meeting of the American 
Foundrymen’s Association will be held in 
conjunction with a Foundry Show of mate- 
rials, equipment and supplies for foundry 
use. 

Both the Congress and the Foundry 
Show will be held in Buffalo’s new Mem- 
orial Auditorium. Facilities for both ex- 
hibits and meetings are excellent, and the 
time of visitors will be greatly conserved 
by the Auditorium’s downtown location. 

Several symposia are planned, one on 
malleable iron specializing in heading and 


EISLER ENGINEERING CO. 


779 -SO. 13» ST. 


Near AVON AVE 
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We manufacture a complete line 
of resistance spot welders from 
VY, to 300 KVA for all types of 
welding. There is an EISLER 
WELDER for every purpose. 

TRANSFORMERS OF ALL TYPES 


WE INVITE CONTRACT SPOT WELDING 
IN LARGE OR SMALL QUANTITIES. 


CHAS. EISLER 


NEWARK,3 N. J. 


WRITE FOR 
CATALOG 


THE WELDING JOURNAL 


gating, and one for steel men COvering sho 
practices, melting practice, heat treatmey; 
sand control. A third symposium of cur 
rent interest is that on centrifugal Casting 
developments. 


The annual Foundation Lecture of 4, 
Association, initiated in 1943, wil] be pr 
sented by Dr. H. W. Gillett, Chief Techy; 
cal Adviser, Battelle Memorial Instituy 
Columbus, Ohio. Dr. Gillett, an APs 
medalist and internationally recogni» 
authority on metallurgy, has choy 

“Cupola Raw Materials” as his subjeq 
Gray iron foundrymen will find this gy, 
ject further developed in reports of ¢ 
Committee on Cupola Research, now e 
gaged in preparing an important han¢ 
book of cupola operation. 

Manganese bronze castings work due , 
the increasing use of alloy castings 
meeting wartime demand will be stressej 
at brass and bronze meetings. Sessions oj 
the aluminum and magnesium divisioy 
will be of outstanding interest, as develop 
ments in these metals have been greatly 
accelerated in the past two years, and 
many foundries entering into this work 
are eager for all information obtainable. 


Of prime interest to every foundry «x 


ecutive will be discussions on postwar 
problems of the foundry industry. |p 
the light of its increasing importance to 
all industry, this subject may well prove 


to be one of the most interesting and in 
formative of the Congress. 


BRASS wanes BULLETS 


REGO Gas Plant Equipment to be 
safe, must be made of brass and 


other critical metals 


Conserve your equipment. 
You may not get more. 


“4241 W. PETERSON 
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Using and Controlling Migh Pressure Gases 
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QUALITY CONTROL 
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easy-to-analyze 
x-ray inspection 


Quality control of castings and weldments is easy, 
fast and absolute with x-ray inspection. 

For example, suppose you have a casting that must 
be perfected before large scale pourings are practical. 
All you have to do to perfect quality is make small test casts— 
x-ray them—and you have an easy-to-analyze picture that shows 
up such variables as temperature of pour, location of gates and 
risers, ramming and shrinking. 

Once perfected, an occasional x-ray is all that is necessary to 
maintain quality control—for there is no need for routine exami- 
nation of every piece. Workmen learn quickly and pictorially the 
advantages and disadvantages of each modification in metal work- 
ing procedures. And you make each test of quality absolutely 
—nondestructively. 

Above all, you have pictorial proof for your customers that your 
products meet their established standards. No arguments—no 
renegotiations—no excuses. 

X-ray is at work on hundreds of war jobs—saving machine and 
man-hours, conserving critical materials, speeding production, 


BOOK INSIDE With @ x-RAY 


This radiograph shows a blowhole in an 


aircraft casting . . . a typical example of controlling quality and helping train workers. For more informa- 
how x-ray reveals subsurface defects. tion, write for B-3159. It’s a simplified booklet that shows you 
how and where x-ray can be used in industry. J-02024 


INDUSTRIAL 


Westinghouse X-RAY 


PLANTS IN 25 CITIES... OFFICES EVERYWHERE 
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PIPE AND TUBE BENDING HANDBOOK 


An important technical book has been 
issued by the Copper & Brass Research 
Association, 420 Lexington Ave., New 
York 17, giving practical methods for 
bending pipe and tubes of copper, brass 
and related alloys. There is a section on 
Wrinkle Bending using the gas torch. 


WHITE STAR AWARD 


The White Star award from C. C. Bloch, 
Admiral, U.S.N. (Ret.), Chairman, Navy 
Board for Production Awards, was added 
to Jeffersonville Boat & Machine Co., 
Jeffersonville, Ind., ‘‘E’’ Pennant for con- 
tinued production merit. 


HAMILTON FOUNDRY & MACHINE CO. 
AWARD 


On September 23, 1943, the Army-Navy 
“E”’ was awarded to the above company 
and its employees for outstanding produc- 
tion of war materials. 

The Meehanite and gray iron castings 
which this company produces have been 
used in increasing quantities by vital war 
industries in the construction of extremely 
important machinery and implements of 
war. 


1943 A.S.T.M. STANDARDS ON STEEL 
PIPING MATERIALS 


The 1943 edition of this compilation of 
all of the specifications issued by the 
A.S.T.M. covering steel piping materials 
includes 44 standards and also provides 
25 emergency alternate provisions that 
have been issued to aid in expediting pro- 
curement. Many of the specifications 
and emergency provisions are part of 
schedules appended to WPB limitation 
order L211. 


There are 10 specifications on boiler, 
superheater and miscellaneous tubes. 
A number (16) cover various types of 
pipe; 5 cover still tubes for refinery 
service and heat-exchanger and condeiiser 
tubes and 5 specifications widely used in 
the field of carbon alloy steel castings for 
valves, flanges and fittings are also given. 
There are 4 specifications covering forg- 
ings and welding fittings. Of the 4 stand- 
ards for bolting material, one is included 
for the first time covering heat-treated 
carbon steel. The book is complete with 
the austenite grain size classification chart 
for steels. 

Copies of this publication can be ob- 
tained in heavy paper cover from A.S.T.M. 
Headquarters, 260 S. Broad St., Phila- 
delphia 2, Pa., at $1.75 per copy. 


FIVE-DAY COURSE IN WELDING 
ENGINEERING 


In response to demands for more detaj 
on the latest methods and techniques 
are welding which is recognized as a key 
factor in the nation’s war production 
The Lincoln Electric Co., Cleveland, 0, 
instituted a five-day engineering course 
the company’s plant which was attended 
by engineering, research and welding 
executives of some of the country’s leading 
concerns who came from points as fg 
distant as Vancouver, Washington, Hoys. 
ton, Texas, and Dunellen, N. J. 


The course, which started November 
Ist, was conducted by W. J. Conley, 
Lincoln welding consultant, who lectured 
and gave practical demonstrations oy 
various phases of arc-welding procedures 
in conjunction with his talks. 


The subjects studied in the course 
included such topics as the fundamentals 
of welding, common materials used. 
analysis of machinery of welded design 
as compared to conventional design, 
consideration of rolled or formed shapes, 
and a review of the factors affecting cost 
and production. 


It is expected that these courses will 
be held monthly in the future. 


Carbid 
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Good Technique . . . the penetrameter 
image is clear, the holes distinct .. . 


a sure indication of correct technique. 


Faulty Technique . . . the image has 
almost disappeared, the holes gone. 
Proof positive of faulty technique. 


+ 4 


h Avenue * New York 


PICKER 


Required detail and sensitivity in X-Ray inspection of materials is a mathe- 
matically exact specification . . . the radiograph should disclose a change 
in material composition, structure or density of 2% or less through the 


section where examined. 


Picker Penetrameters provide an infallible check upon sensitivity . .. a 
means whereby definition may be exactly measured and technique accu- 
rately controlled. Examination of the penetrameter image in the radio- 
graph will disclose shortcomings of technique: if the image is clear and the 
holes sharp, the technique is correct. If, on the other hand, the holes are 
indistinct or disappear altogether, the technique must be faulty. The ex- 
amples shown here are evidence of the simplicity and reliability of the 


Penetrameter method. 


Picker Penetrameters are machined to standards of extreme preci- 
sion, conforming fully to rigid Army-Navy specifications. Each pene- 
trameter is identified by lead numerals indicating the metal thickness 
it is designed for. Furnished in various base metals, and either singly 
or in sets. Further details and prices on application. 


X-RAY CORPORATION | 
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WPB PUBLISHES “SALVAGE 
MANUAL FOR INDUSTRY” 


The first comprehensive practical man- 
ual on industrial salvage ever prepared 
has just been published by the Technical 
Service Section, Industrial Salvage Branch 
Salvage Division, WPB, and is now being 
distributed to industry. 

The new _ book, entitled ‘Salvage 
Manual for Industry,” contains 245 pages 
of systematically organized and classified 
information and data—most of it of a 
nature—on industrial sal- 
vage practice in all its ramifications. 
Material is presented in 26 chapters, 
grouped into 6 major sections. There are 
2 chapters on organizing and planning the 
salvage department; 3 on the administra- 
tive factors; 12 on methods of handling 
(finding, identifying, segregating, collect- 
ing, reclaiming, storing, selling, etc.) metal 
scrap; 3 on nonmetallic waste; 7 case his- 
tories demonstrating exemplary practice; 
a 17-page compilation of practical hints 
for handling specific waste materials; 
and a 9-page index. 

The book is priced at $0.50 per copy 
and is procurable through the Superin- 
tendent of Documents, Government Print- 
ing Office, Washington, D. C. Excerpts 
are permitted provided proper credit is 
given. 


A.-C. ARC WELDER DEMAGNETIZES 
TOOLS 

Ingenuity has often led to the use of arc 
welders to solve problems other than in the 
fabrication of metals. Among these have 
been the use of d.-c. equipments in thaw- 
ing out pipes and in warming up airplane 
engines on cold mornings. Now comes 
the use of a.-c. arc-welding transformers, 
equipped with stepless control, to de- 
magnetize steel parts by a method similar 
to that employed by jewelers in demagne- 
tizing watches, reports R. F. Wyer, General 
Electric welding engineer. 

This method was used by E. L. Bailey, 
electrical engineer at the Chrysler tank 
plant in Detroit, to remedy trouble 
caused by metal parts clinging to dies 
which had become magnetized. Five or 
six turns of cable were wrapped around 
the die and a heavy 60-cycle alternating 
current from a 500-amp. a.-c. welder was 
passed through the cable, the current then 
being gradually decreased by turning the 
current-control crank on the welder. This 
procedure is now regularly employed in 
the Chrysler plant. 

The widely expanded use of highly hard- 
enable alloy steels since the war began has 
brought to light numerous instances where 
permanent magnetism has caused trouble 
in arc welding, as well as in the operation 
of tools. 


RADIOGRAPHIC INSPECTION o; 
METALS 


By Otto Zmeskal, Se.D., form: 
Assistant Professor of Metallurgy, [}j; 
Institute of Technology. Publish, 
Harper & Brothers, New York. p,, 
$2.50. Radiographic Inspection of Me 
was written to meet the demand for a 
introductory textbook presenting the pry 
ciples and practice of radiography creay 
by the ever-increasing applications of ‘jy 
technique in the inspection of metals, | 
attempt is made to discuss physig 
theory or X-ray apparatus. The book 
based upon lectures given by the autho, 
his classes in the radiographic inspect 
of metals at the Illinois Institute of T; 
nology. 

TUNGSTEN 

Tungsten, Its History, Geology, (m 
Dressing, Metallurgy, Chemistry, Anal; 
Applications, and Economics, by K. C. | 
M.E., A.R.S.M., Governor, Commodi: 
Exchange, New York, Chief Engineg 
Tungsteno Mexicano, S. A., Mexi 
Chief Engineer, National Reconditionix 
Co., Inc., New York, Chairman of th 
Board, Wah Chang Trading Corp., Na 
York; and Chung Yu Wang, M_lns 
M.M., University Medallist, Columby 
University, Technical Expert, Ministry 


SIMPLE EVALUATION! 


@ Purer, hotter acetylene gas at savings up to 75%. © All the gas 
you want when you want it. No delivery delays from bottlers. 3] No 
large-job interruptions, thanks to Sight Feed’s visible carbide supply. 


As basic as a-b-c is this testimony of enthusiastic Sight Feed users 
in every part of America. Pertinent facts, simple evaluation, 
respectfully submitted for YOUR consideration. 


THE Stght Feed 


ATOR COMPANY + SALES: RICHMOND, IND.; FACTORY: W. ALEXANDRIA, 
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Using only 18 pounds of Anaconda 
“997" Low Fuming Welding Rod, 
the Hebeler Welding Co. of Buffalo, 
New York, repair. welded this eccen- 
tric housing for the Ushco Mfg. 
Co., inc., in less than 20 man-hours. 


important war production plant... 
Eccentric housing breaks on drop forge hammer... 
Welded with Anaconda “997” Low Fuming... 


Hammer back on job next day! 


That’s the way low-temperature Bronze welding 
is helping out in emergencies these busy days. A 
broken 2'/-ton gear was returned to service in 
less than a week; a seven-foot fracture in a 6-ton 
press column was repaired in three days; a frac- 
tured 2-ton section of a 100” boring mill was re- 
pair-welded in 39 hours. 

And so it goes—in every branch of industry, 
On every type of equipment—on parts made of 


THE 


cast iron, steel, malleable iron and copper alloys. 

Keep in mind this modern method of salvaging 
costly machine tools, production parts and equip- 
ment—at a fraction of the cost of new replacement 
parts. Keep in mind also that Tobin Bronze*, 
“997° Low Fuming and other Anaconda Welding 
Rods are preferred by many industrial shops for 
making dense, high strength, Bronze welding 
repairs. “Reg. U.S. Pat. Of, 4878 


AMERICAN BRASS COMPANY 
General Offices: Waterbury 88, Connecticut 
Subsidiary of Anaconda Copper Mining Company 
In Canada: Anaconda American Brass Ltd., New Toronto, Ont. 


ADVERTISING 
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Economic Affairs, China, and Director of 
Research, National Reconditioning Co., 
Inc., New York. 

Tungsten is a rare and comparatively 
new metal. It is one of the most impor- 
tant, if not the most strategic, of war 
metals. Its use in the manufacture of 
high-speed steel was not perfected until 
1914 when World War I began. 

Published by Reinhold Publishing 
Corp., 330 W. 42nd St., New York, N. Y. 
Price $7.00. 


MANUAL FOR ARC WELDING 


A Manual for Arc Welding Training for 
Basic Operations has been issued by the 
State Board of Control for Vocational 
Education, Lansing, Mich. 

We quote from the Foreword of this 
well-prepared and illustrated manual. 

“Requirements of the program of 
Vocational Training for War Production 
Workers which pertain to welding, hate 
indicated a need for an instructor’s out- 
line that would comply with the AMERI- 
CAN WELDING Socrety’s Code of Mini- 
mum Requirements for Instruction of 
Welding Operators. A number of welding 
authorities have been consulted concern- 
ing time required, equipment necessary 
and other factors related to procedure in 
the training of welders, and their opinions 
have been incorporated in this manual. 


War production industries which must 
have trained welding operators for speed 
production work also have been consulted 
in the preparation of the exercises. The 
resulting work, compiled in cooperation 
with the United States Office of Educa- 
tion, is not a detailed, written, follow- 
through instruction sheet for each lesson. 
Rather, the outlines are planned for in- 
struction on an individual basis and for 
personal contact between instructor and 
trainee in small class groups. 

“To facilitate understanding on the 
part of newcomers in the field of welding, 
a glossary has been compiled and is in- 
cluded in this manual. 

“In any case where a question arises, the 
AMERICAN WELDING Socrety’s Code of 
Minimum Requirements for Instruction of 
Welding Operators and its supplements 
should be considered as basic and authori- 
tative.” 


X-RAY LITERATURE AND EQUIPMENT 


Some very attractive pamphlets and 
leaflets have recently been issued by the 
Picker X-Ray Corp., 300 Fourth Ave., 
New York, and are available on request. 
There follows a brief description of this 
material. 

Industrial 150-kv. X-Ray Units—An 
interesting pamphlet describing industrial 
uses of the X-ray in locating faults, illus- 


trative description of the 150-kv. unit and 
a great deal of technical data on Technique 
of Industrial Radiography. 

Flexible Film Holders—A versatile 
practical device which proves a new stand. 
ard of speed and efficiency in the Tadiog- 
raphy of many curves or irregular objects, 

Industrial X-ray Cassette—Built to 
maintain uniform contact between the 
intensifying screens and X-ray film. 

High Intensity X-ray IIuminator— 
Designed and constructed so that a greater 
quantity of transmitted light is readily 
available for examination of radiographs 
where different parts of the same object 
have considerable variation in density 


WELDING ROD FIRM TRAINS SERVICE 
ENGINEERS TO SOLVE WAR 
PRODUCTION PROBLEMS 


The Eutectic Welding Alloys Co., 40 
Worth St., New York, has recently con- 
cluded an intensive training course for the 
benefit of their Midwestern and Western 
field engineers, employing for this purpose 
the entire gas welding facilities of the 
Utilities Engineering Institute, 1314 Bel- 
den Ave., Chicago. This prominent Mid- 
western school was selected as a training 
center because of the outstanding work 
done by the Utilities Engineering staff 
in conducting tests of the Eutectic product 


OAKITE 
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UNITED WELDING 
YOUR LOGICAL SOURCE 


On the left is a Diesel gear casing involving many 
sub-assemblies . . . difficult work. On the right a 
press... suggestive of many contracts success- 
fully completed for machine tool builders. 
United has the engineering talent, the facilities 
and the seasoned experience to fabricate all of 
your weldments . 
plicated or difficult ...on long or short runs. 


. . large—small—heavy—com- 


Submit your plans 
Obtain United’s quotation 


THE UNITED WELDING CO., MIDDLETOWN, OHIO 
Welding Fabricators of Modern Designs 
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you ate having trouble in keeping weld SPatter 
te om bonding M afc, flash 8nd butt Welding, here is 
“P that will HEL p You Solve this Problem eg il 
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. 
Before Welding. brush, Swab or Spray SUrfaces 
OUnding area to be Welded , With Mixture of Fecom. 
Oakite Materia} "nd water. You win) find 
weld *Patter DOEs Nor STICK, It Comes 
S8Ving you Precious ™&n-hours; Moreover this — 
Is readily Temoved With your Tegular Oakite 
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Photos Courtesy Richmond Shipyard No. 1 and Marinship Corporation 


Why did they select VICTOR torches? 


The reason can be easily stated and you can easily verify it. VICTOR 
hand and machine cutting torches cut faster, are more economical to 
own and to operate, stay on the job longer, and when they do need 
reconditioning, can be repaired more easily and more efficiently. 

A beautifully illustrated and fully descriptive catalog is yours for the 
asking—really, you should request YOUR copy. 


VICTOR EQUIPMENT COMPANY 


844 FOLSOM STREET + SAN FRANCISCO 
VICTOR DISTRIBUTORS FROM COAST TO COAST 


when it was first being introduced into 
this country. At that time, the school’s 
staff of welding experts prepared testing 
samples of low temperature welds using 
Eutectic rods and submitted them to the 
Pittsburgh Testing Laboratory for tests. 
According to Mr. Wasserman, President 
of the Alloys company, this pioneer work 
on the part of U.E.I. did much to pave 
the way for widespread acceptance of the 
product. The tests conducted by this 
school have since attracted the interest 
of manufacturers and government agencies 
because of the new possibilities this proc- 
ess offers to boost war production. 


NEMA X-RAY SECTION ELECTS 
A. H. FEIBEL 


A. H. Feibel, president of the Kelley- 
Koett Manufacturing Co., pioneer makers 
of X-ray equipment with offices and plant 
in Covington, Ky., has been elected chgir- 
man of the X-ray Section of the National 
Electrical Manufacturers Association for 
the coming year. 

Feibel was chosen at the recent annual 
meeting of NEMA at the Waldorf-Astoria 
in New York. 

The 33-yr.-old Kelley-Koett executive 


A. N. Feibel 


who became vice-president of the com- 
pany in April 1941 and four months later 
was elected president, is believed to be one 
of the youngest X-ray management repre- 
sentatives to occupy the NEMA’s impor- 
tant chairmanship of the X-ray section 
of the electrical industry. 

Feibel disclosed that the X-ray industry 
is operating at capacity, running well 
ahead of last year and that the wartime 
developments in X-ray research and manu- 
facture will provide interesting new ap- 
plications of postwar hospital, medical 
and industrial uses. He is a member of 
the War Production Board’s X-ray In- 
dustry Advisory Committee. 

Under Feibel’s management, the Kelly- 
Koett Co., which he heads, has experi- 
enced remarkable growth, capacity having 
been increased 50% and production 
doubled. 
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SUSTAINING COMPANIES 


Taylor & Gaskin, Inc., Detroit, are 
engineers, fabricators and erectors of 
structural steel, miscellaneous steel prod- 
ucts, conveyors, cranes and crane run- 
ways, monorails, special equipment for 
material handling and storage, weldments 
for sub bases—machine bases, and frames. 
Among the larger projects completed 
during the past year were the steel for the 
aircraft parts manufacturing building, 
Willow Run, and 1400 tons of welded 
plate fabrication of magnesium pot cas- 
ings. The company is now engaged in 
the production of vital war materials. 


The R. C. Mahon Company, Detroit, 
Mich., steel fabricators and erectors with 
wide experience in all kinds of structural 
steel and steel plate design. Welding is 
employed extensively in manufacturing 
weldments of all sizes and shapes, includ- 
ing machine bases, diesel engine frames, 
containers, gun mounts, wind tunnels, 
etc.; also manufacturers of industrial 
washers, spray booths, drying ovens, roll- 
ing steel doors, steel roof decking and sheet 
metal work of all kinds. 


ANNUAL MEETING PAPERS 


Suggestions are invited for papers to 
be presented at the Annual Meeting of 
the Society, Cleveland, October, 1944. 


AIRCRAFT WELDING 


Aircraft Welding, by Emanuele Stieri. 
In the writing of this book the author has 
consulted authoritative sources available. 
A chapter devoted to safety rules and 
safety equipment is included. All of the 
techniques involved, the tools and ma- 
terials used are covered completely and 
illustrated with numerous explanatory 
diagrams and photographs. Price $1.50. 
Distributed by Duell, Sloan & Pierce, Inc., 
New York. 

Aircraft welding has become one of the 
most important phases in the construction 
of modern aircraft. 


THEORY AND PRACTICE OF 
ARC WELDING 


Theory and Practice of Arc Welding, by 
R. J. Sacks, Supervisor, Welding and Ma- 
chine Shops, Hadley Technical High 
School, St. Louis, Mo. Book published 
by D. Van Nostrand Company, Inc., 250 
Fourth Ave., New York. Price $2.80. 
This book presents an original course of 
study in arc welding in accordance with 
the recommendations of the AMERICAN 
WELDING Society. It is designed for the 
beginner and is based on the Society’s 
“Code of Minimum Standards for In- 
struction of Welding Operators,’’ although 
the book goes somewhat beyond the mini- 
mum standards. The first section of the 
book explains the fundamental theory and 
describes the equipment with which a 
good welding operator should be familiar. 
Questions are given at the end of each 
chapter. 
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MeRAY 


—the modern way to 
study the internal 


effects of heat 


For example, 
women welding 
trainees could not 
understand how 
varying degrees of 
heat affected welds 
...Classroom discus- 
sion only confused them more. Welds 
made at different current settings were 
x-rayed. Heat effects were visually re- 
vealed ... easily understood .. . training 
greatly accelerated. This is but one of 
hundreds of everydey jobs that can be 
done faster, better and for less money 
with Westinghouse X-ray—the modern 
versatile production tool. j-02021 
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Yes, it may kill cats! But a lively sense of 
curiosity may also kill many an old-fash- 
ioned way of doing things. 


The driving urge to know—to find out—is 
constantly discarding old, and discovering 
startlingly new manufacturing processes... 
techniques . . . applications. We have in 
mind, of course, welding and how the 
curiosity of production men finds ever-in- 
creasing uses for it and better electrodes 
with which to do the job. 


Scientific curiosity has always been a vital 
factor in the intensive and continued de- 
velopment of McKay Stainless, Alloy, or 
Mild Steel Welding Electrodes .. . their 
perfection the result of constant research 
in one of the nation’s foremost technical 
institutes. 


Likewise, McKay Commercial Chain for 
every industrial, agricultural, and maritime 
application . .. and superior McKay Tire 
Chains, too... receive their full share of 
every modern metallurgical improvement 
and discovery. 


Curiosity as to how McKay products may 
improve your manufacturing processes will 
find us eager to Cooperate. 


YORK, PA. 
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It is my pleasant duty to report that the 

AMERICAN WELDING Society has con- 
cluded its 24th year of operation in a 
sound financial state, with a membership 
of over 6600, 45 local Sections in leading 
industrial centers, actively aiding in ad- 
vancing the knowledge of welding and 
extending its applications, and a publica- 
tion recognized as the leading technical 
magazine in the welding field. In a 
rapidly expanding specialized field, repre- 
senting one of the greatest production 
processes of modern times, it is a sourge of 
great satisfaction to note that through the 
remarkable foresight of its founders and 
those that followed in their footsteps, an 
organization has been set up that is act- 
ing as a clearing house for the constant 
developments that are taking place in 
welding, and is serving a most useful pur- 
pose in accelerating the war production 
program. Through its educational, stand- 
ardization and research activities, the 
Society is rendering the nation a worthy 
service. In the educational field, Tue 
WELDING JOURNAL and Meetings of the 
National Society and its Sections have 
been devoted largely to subjects closely 
related to the war effort in so far as prac- 
ticable. The second edition of the 
Welding Handbook, published in the latter 
part of 1942, has been acclaimed a great 
aid to those using welding in war produc- 
tion. The Handbook, Welding Metallurgy 
book, the A.W.S. standards and the 
various training articles that have been 
published in THE WELDING JOURNAL are 
being used as text material in war-train- 
ing programs. In the standardization 
and research field, the Society’s policy 
has been to attune activities to war needs. 

Last December the Technical Secre- 
tary, Mr. L. M. Dalcher, was called into 
service. The Society was fortunate in 
securing as a substitute Mr. S. A. Green- 
berg, an able and conscientious young 
man who, under the guidance of Mr. C. W. 
Obert (appointed temporarily Acting 
Technical Secretary) and under the direc- 
tion of the Outline of Work Committee, 
has carried on the technical program in 
keeping with the Society’s policy, without 
interruption. 

A representative number of our mem- 
bers have joined the armed forces or are 
serving in government departments, and 
Headquarters Staff has assisted, in every 
way possible, the armed forces and gov- 
ernment agencies in response to requests 
for information. 

A detailed account of the Society’s 
numerous activities follows: 


Meetings of the Board of Directors 

Three meetings of the Board of Direc- 
tors have been held, one in Cleveland and 
two in New York. In addition, the Execu- 


Annual Report on Activities of the 
American Welding Society, 1943-1944 


By M M. Kelly, Secretary 


tive Committee has held two meetings in 
New York. Matters considered at these 
meetings have been reported to the 
membership from time to time in THE 
WELDING JOURNAL. These had to do 
principally with the establishment of 
policies, consideration of By-Law amend- 
ments and committee appointments for 
bringing about improvement in the opera- 
tion of the Society and its Sections, so as to 
increase their usefulness to the member- 
ship and industry. 

This year is notable for the establish- 
ment of the Adams Lecture. By unani- 
mous vote of the Board of Directors, this 
Lectureship was established in honor of 
the first President of the Society. It is to 
be a special feature of the Annual Meet- 
ing of the Society and is to be given by an 
outstanding authority within his field, 
selected by the Committee on Awards, 
with the approval of the Board of Direc- 
tors. It is to cover some phase of the 
science of welding. 


Finances 


The Finance Committee is pleased to 
report that this fiscal year has been the 
most successful in the history of the 
Society. Our actual operations for the 11 
months ended August 31, 1943, show a 
betterment over the budget of $16,307 and 
a net excess of income over expense in the 
amount of $16,236. Our cash balance 
as of August 31, 1943, compares very 
favorably with that on hand at the same 
time last year. Time does not permit 
our rendering here report for the year 
but the complete report, including state- 
ments of income and expense, assets and 
liabilities and consolidated resources of 
the Society as of September, 30, 1943, 
will be published in the next Year Book. 


Two meetings of the Finance Commit- 
tee have been held during the year and, 
in the interim period, business was trans- 
acted through correspondence. On the 
recommendation of this Committee, $12,- 
000 has been transferred from the regular 
funds of the Society to its Permanent Re- 
serve Fund account and $10,000 of this 
amount has been invested in War Bonds. 
In accordance with recommendation of 
the Committee, some $1500—surplus in- 
come for the year—will be transferred 
from the regular funds of the Society to the 
permanent funds, at the close of the fiscal 
year. On further recommendation of 
the Committee, the ruling on refunds to 
newly organized Sections has been re- 
vised so that in the future new Sections 
will receive a return on members enrolled 
during the six months prior to the date of 
organization of a Section. The Finance 
Committee reacted favorably to proposal 
for publishing certain A.W.S. educational 
literature in book form for the convenience 
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of educational institutions, governmey 
training programs, Section educationg 
courses and its membership. A speiy 
committee has been appointed to set up, 
procedure for the handling of this specig 
activity. The Finance Committee 
fered recommendations for the handling 
of requests received from foreign librari« 
for assistance in restoring welding public, 
tions lost through the war, as a result 
which procedure was set up and a com 
mittee appointed to act on specific 
quests received. Also on recommend, 
tion of the Finance Committee, a specig 
committee was appointed to consider 
building up the Permanent Reserve Fund: 
of the Society during the coming year 
A meeting of this special committee ;: 
scheduled to take place during the 1943 
Annua! Meeting. 

In addition to investment of $10,0 
made in September, recorded above, the 
Committee on Permanent Funds ha 
during the year invested $7000 in U. § 
Treasury 2'/, Bonds due 1963-68. Thes 
bonds have been deposited in the safe 
deposit box. With the interest collecte 
on bonds, and on cash in bank, the total 
resources of the Committee as of August 
31, 1943, amounted to $20,015.50. 


Membership and Sections 


Membership statistics for the year 
ended September 1, 1943, are exceedingly 
interesting. New members obtained rep- 
resent a 51% increase against which there 
was a 20% loss, making a net gain of 
about 31%. Broken down among the 
various classifications, the gain is: 


Sustaining Members....... 23% gain 
Associate Members........ 27% gain 
Operating Members...... .26% gain 
Student Members.......... 34% loss 


It is interesting to note the gains and 
losses in these classifications in terms 0 
percentages: 


In- De- Net 
creases creases Gain 


Sustaining 


Members 28 5 23 
Full Members 53 i) 44 
Associate Members 45 18 27 
Operating Members 69 43 26 


Student Members 50 84 34° 


* Loss. 


Another point worthy of mention is the 
large turnover in the Operating Membet 
grade compared to the small turnover i 
the two highest classifications. The gai! 
in Sustaining Members and Sustaining 
Companies has been a source of great 
pleasure. 
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Many Precious Man Hours 


Recently a bronze flanged tube was required in a hurry. 
The use of Ampco-Trode 10 again solved the problem in 
a few short hours. A steel tube was welded to a bronze 
flange with Ampco-Trode 10. 

This coated aluminum bronze weldrod is tops in its 
field enabling you to weld steel, cast iron, brass, bronze, 
copper or nickel alloys. 


Solve your fabrication problem—use Ampco-Trode 10 
and get these physical properties in your weld. 


TENSILE STRENGTH — 60,000 to 70,000 per square inch. 
DUCTILITY — 25 - 30% elongation in 2” (.505 dia). 


Cousdlt your Electrode Supplier 


on 
AMPCO METAL, INC. 


DEPARTMENT WJ-12 
MILWAUKEE 4 
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Those Sections which bettered the 
average gain of 31% for the Society as a 
whole, include: Boston, Chattanooga, De- 
troit, Indiana, Los Angeles, New Jersey, 
Northwest and Wichita. 


During the year, six new Sections were 
organized in Western Massachusetts, 
Lehigh Valley region, Louisville, Ky., 
Mobile, Ala., Savannah, Ga., Toledo, 
Ohio, and a branch of the Detroit Section 
was organized in Flint, Mich.; two Sec- 
tions have been revitalized, Wichita and 
Puget Sound, and two more are in the 
throes of organization in Syracuse and 
Pearl Harbor. The prime movers in the 
promotion of these Sections are to be com- 
mended for their fine work, and for the 
substantial improvement in membership 
this past year, we are indebted to them, 
to the local Membership Committee mem- 
bers, who have given so freely of their 
time and effort, and to the National 
Membership Committee Chairman for his 
inspiration and enthusiasm in promoting 
the Society. 


He has taken every occasion to stress 
the importance of forceful speakers at Sec- 
tion meetings and has urged the National 
officers and Directors in their travels 
around the country to spend a little time 
in visiting Section officers, establishing 
cordial relationship between the National 
and Section organizations and, wherever 
possible, to address the Sections. 


During the year the Society continued 
to have the advantage of splendid monthly 
full page ad coverage in the three welding 
publications. The Society is indebted to 
P. R. Mallory & Co., The Lincoln Elec- 
tric Company and Metal & Thermit Corp. 
for the preparation of copy for these ads 
and to The Welding Engineer, Industry & 
Welding and THe WeLpING JouRNAL for 
the space contributed in their publications. 


Acknowledgment is made also of the 
service rendered by a number of the manu- 
facturing companies that included the 
Society membership leaflet in their direct 
mailings. As a result of this service, many 
new members were brought into the So- 
ciety. 


Membership status as of September 1, 
1943 is shown below: 


Asso- Opera- 
Sus- ciate ting Hon- 
tain- Mem-Mem- Mem.- or- Stu- 
ing ber ber ber arydent Total 
Total mem- 
bership, 
Septem- 
ber1,1942 82 1420 2537 997 2 49 5087 
Gain in 
member- 
ship dur- 


ing year 23 756 1139 686 .. 25 2629 


105 2176 3676 1683 2 74 7716 
Loss of 
member- 
ship dur- 
ing year 4 129 451 429 .. 42 1055 


Total mem- 
bership, 


ber 1,1943 101 2047 3225 1254 2 32 6661 


year 19 627 688 257 ..~17 1574 


With few exceptions, the Sections have 
had a most successful season and, in the 
cases of some, the average attendance 
ranged anywhere from 150 to 400. The 
activities of the Sections this past year 
have been confined primarily to technical 
meetings, participation in war production 
and postwar planning conferences, and in 
an advisory capacity, aiding small industry 
with their welding problems. In some 
instances, these activities have been co- 
ordinated through the District Vice- 
Presidents. In large industrial centers, 
welding played an important part in War 
Production Panels arranged through the 
War Production Board. In other centers, 
Sections materially aided in the prepara- 
tion and conduct of engineering defense 
training programs on welding. Others 
arranged symposiums and all-day confer- 
ences for the benefit of industry. 

In reports from the District Vice-Presi- 
dents, we were informed of the very fine 
programs arranged by the Sections, and 
from the west coast came the good word 
that the exchange of information at Sec- 
tion meetings on improved production 
methods has been an important factor in 
increasing the total war effort. 


On the social side, the Sections indulged 
in dinner dances, outings, bowling parties 
and “family get-togethers.” 

The District Vice-Presidents, through 
visitation or correspondence, have been in 
touch with the Sections in their Districts, 
as a result of which a better understanding 
of the National Organization, particularly 
the functioning of its technical and re- 
search committees, is had. Where possi- 
ble, the Vice-Presidents have aided in the 
organization of new Sections in their Dis- 
tricts. 


The fifth Annual National and Section 
Officers Dinner and Conference took the 
form of a combined social and business 
meeting. The dinner, attended by over 
100 National and Section representatives, 
was made an occasion for the Section 
officers to get well acquainted. At the 
Conference itself the findings of the special 
committees on membership consolidation, 
redistricting of the Society and new ap- 
plication form were discussed and definite 
recommendations formulated for presenta- 
tion to the Board of Directors. All of 
these recommendations have since been 
favorably acted on by the Board. New 
and helpful ideas were exchanged on ways 
and means of improving Section meetings 
and increasing membership. 


Admission to Membership 


The Committee on Admission to Mem- 
bership has found it necessary this past 
year to act on only one case. The Com- 
mittee ruled that no one should be allowed 
to any grade of membership in the AMERI- 
CAN WELDING Society lower than that 
for which his classification makes him 
eligible. 


Publications 


A new peak has been reached during 
the year 1942 in the amount of material 
published in THz WELDING JOURNAL, the 
revenue received from advertising and the 
total circulation of the Journal. There is 
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every reason to believe a new high peak will 
be reached in 1943. Exclusive of the Yey 
Book which has been published as Pay ll 
of the December Journal, the Journal gop, 
tained 886 pages and its Supplement, g9 
The Year Book contained a total of 136 
pages, making a grand total of 199 
As heretofore, the Journal has been g. 
vided into three principal divisions. 
technical and engineering papers, codg 
and standards; news items of industry 
and Society, new products and advertis. 
ing; and the Research Supplement. (Cog. 
tinued improvements have been made ¢ 
an evolutionary rather than a revolution. 
ary nature. Outstanding changes muy 
await the return of more normal conditions 
The Publications Committee has beg 
compelled to submit to government regy. 
lations in the matter of reduction of siz 
of the Journal, to save paper and conform 
with the standard size adopted by the ad. 
vertisers. 


On authorization of the Board of Diree. 
tors, the date for publication of the Yea; 
Book has been changed from December to 
February. 


Meetings 


The registered attendance of the 23rd 
Annual Meeting of the Society, held in 
Cleveland, was 1200 which was below the 
record set for several past years. Hovw. 
ever, for the first time since participating 
in the National Metal Congress, our Meet- 
ing was shortened from 5 to 3'/» days, 
during which 53 papers were presented a 
15 technical sessions. In addition, round 
table conferences and discussions on edu 
cation and industrial and fundamental 
research took place. All social function: 
were abandoned. 


For the grand success of this Meeting 
the Society is indebted to the Convention 
Program, Publicity and Manufacturers 
Committees and in a large measure to the 
Cleveland Section officers and Membership 
who acted as hosts on this occasion. 


The Manufacturers Committee met 
during the 1942 Annual Meeting and sub- 
mitted recommendations to help guide the 
Convention Committee in formulating 
plans for the 1943 Convention. The Con- 
mittee also considered with the Conven- 
tion Committee the problem of financial 
results of the 1942 Meeting and made 
recommendations to help alleviate the def- 
cit resulting therefrom. Acting on these 
recommendations, the Convention Com- 
mittee solicited contributions from the 
large welding manufacturers and throug 
their generosity, the deficit was written 
off. 


On recommendation of the Convention 
Committee, it was decided to hold the 24th 
Annual Meeting of the Society in Chicago 
in conjunction with the 1943 National 
Metal Congress, and the Hotel Morrison 
was selected as headquarters. It was 
agreed that the Meeting should be short 
ened to 3!/, days and similar in charactef 
to the 1942 Annual Meeting. 


The Program Committee reports that 
the 1943 Meeting will be the largest in the 
history of the Society in so far as the num- 
ber of papers and technical sessions art 
concerned. There are to be 65 papers, 
divided among 21 sessions. In addition, 
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there is to be a symposium on Inspection 
and Qualification. The first Adams Lec- 
ture will be presented and the other special 
features include an address by Colonel 
Ritchie; award of medals and cash prizes; 
a University Research Conference; the 
Annual Dinner and Conference of the Na- 
tional and Sections officers; and the An- 
nual Business Meeting, as well as meetings 
of standing, technical and research com- 
mittees. 


Publicity 


Again this year publicity on the Annual 
Meeting has been confined to sending ad- 
vance programs to technical and trade 
journals, an announcement, highlighting 
the Meeting to the Society membership, 
and to Sections within the Chicago area 
for distribution among interested com- 
panies; and of sending the final tentative 
program to some 3000 war production con- 
tractors and subcontractors within a 500- 
mile radius of Chicago, with a letter to the 
executives of these companies, drawing 
attention to the Meeting and recommend- 
ing the attendance of their production men 
and engineers. 

Abstracts of technical papers have been 
distributed to the press. Stories on special 
features have been prepared for distribu- 
tion to the trade and technical journals 
and the newspapers. 


During the Annual Meeting, considera- 
tion is to be given to the objectives of 
publicity for the Society and the means of 
accomplishing these objectives. 


Awards 


Following are the selections that have 
been made by the Committee on Awards: 
1942 Samuel Wylie Miller Memorial 

Medal 
D. S. Jacobus for conspicuous serv- 
ice in the advancement of pres- 
sure vessel welding and in the 
preparation of the Handbooks 
of the AMERICAN WELDING So- 
CIETY. 
1943 Lincoln Gold Medal 
Gilbert E. Doan, Robert B. Stout, 
John H. Frye, Jr., for their paper 
entitled “Preserving Ductility in 
Weldments,” published in Tue 
July 1943 WELDING JOURNAL and 
scheduled for presentation at the 
October meeting of the AMERICAN 
WELDING SOCIETY. 


The judges of award of the R.W.M.A. 
1943 prize contest have selected as this 
year’s winners the following: 

Industrial Prize: R. Della Vedowa and 
M. M. Rockwell for their paper entitled 
“The Effect of Welding Spacing on the 
Strength of Spot-Welded Joints” pub- 
lished in October 1942 We.LpInc 
JOURNAL. 

Honorable Mention: F. B. Hensel, E. I. 
Larsen, and E. F. Holt for their paper 
entitled ‘‘Refrigerant-Cooled Spot Weld- 
ing Electrodes” published in December 
1942 WELDING JOURNAL. 

University Prize: W. F. Hess and D. C. 
Herrschaft for their paper entitled ‘“The 

Spot Welding of 0.040-In. S.A.E. X-4130 

Steel” published in October 1942 WELp- 

ING JOURNAL. 
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The Committee on Awards at the re- 
quest of the Board of Directors considered 
and offered recommendations for the estab- 
lishment of the Adams Lectureship and 
prepared rules for the guidance of the 
Awards Committee and Board of Direc- 
tors in the selection of Lecturers. Its 
recommendation for the first Lecturer, 
Dr. C. A. Adams, in whose honor the 
Lecture was established, was approved by 
the Board of Directors. On recommenda- 
tion of the Awards Committee, Dr. A. B. 
Kinzel was unanimously approved by the 
Board of Directors as 1944 Lecturer. 

The nature of the Resistance Welder 
Manufacturers’ Association’s annual award 
was this past year changed from one in 
which several cash prizes were given to 
one, providing for only two prizes, one to 
be awarded an industrial contribution and 
the other for a university contribution, 
each to carry $100 cash award in addition 
to an engraved certificate. 


By-Laws 


The By-Laws Committee has reviewed 
the proposed By-Laws of the following 
Sections to ascertain that they do not 
conflict with the Constitution and By- 
Laws of the AMERICAN WELDING SOCIETY 
and to make further suggestions for im- 
provement therein: Louisville; Mobile; 
Toledo; Western Massachusetts; Boston; 
Lehigh Valley. 

It has prepared a set of suggested By- 
Laws for a Student Chapter and further, 
has prepared By-Law revisions to cover 
the following: 


1. Consolidation of Operating and As- 
sociate Memberships. 

2. Provision for the establishment of 
Student Chapters. 

3. Provision for the Board of Directors 
to establish Section boundaries. 

4. Revision from five (5) Districts to 
seven (7) Districts. 

5. Revised the scope of the Educational 
Committee, which had been some- 
what circumscribed. 

6. Revised the scope of Committee on 
Awards to include the selection of 
the speaker for the Adams Lec- 
ture. 


These six By-Law amendments have been 
approved by the Board of Directors and 
the voting membership. 

Also, it has prepared: 


1. A revised outline covering proposed 
By-Laws for a Section, which has 
been submitted to the Section 
Advisory Committee for considera- 
tion. 

2. Revisions in the wording of the du- 
ties of all officers of the Society to 
make such conform with the actual 
and implied duties of each. Hav- 
ing been approved by the Board 
of Directors, these revisions will 
be published in THe WELDING 
JourNAL, and then submitted to 
the voting membership by letter 
ballot. 


Recognizing that a conflict exists be- 
tween the duties of the District Vice- 
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Presidents and those of the Section Ad. 
visory Committee, and that the Section 
Advisory Committee practically Usurps 
the duties of the District Vice-President, 
the By-Laws Committee has proposed thy 
the section Advisory Committee personne 
be composed of the District Vice-Preg: 
dents. This matter is now in the handso 
the Section Advisory Committee for gop. 
sideration. 


Public Relations 


During the past year, the question of 
the desirability of using the terms “welg. 
ing operator,” “‘welder” or “weldor,” to 
designate the man operating the welding 
equipment, was the subject of consider 
able correspondence. As a result, the 
Committee recommended that the Amery. 
CAN WELDING SOCIETY continue to use and 
to urge the use of the term “Welding 
operator”’ in literature, codes and the like 
This recommendation has been accepted 
by the Society and passed on to the editors 
of welding and other journals having to do 
with metal working. 


There has also been considerable corre. 
spondence with regard to providing readily 
available testing agencies for applicants 
seeking work as welding or cutting opera 
tors where code requirements must be met 


Special Committee on Redistricting of 
Society 


A study of the present districting of the 
Society by this Committee resulted in a 
recommendation to break the Society 
down into seven geographical districts « 
as to enable the District Vice-Presidents 
responsible for the Sections in their Dis. 
tricts to come into closer contact with 
Section officers and membership. Report 
of the Committee with modifications, a: 
proposed by the Sections, was approved 
by the Sections and accordingly an amend 
ment of the By-Law was drafted which has 
been approved by the Board of Directors 


Section Advisory Committee 


During the year, this Committee was 
concerned with three major problems: 

1. Consolidation of Operating and As 

sociate Member classifications 

2. Establishment of District and Sec 

tion boundaries. 

3. Certain By-Law changes. 

The Committee has power only to make 
recommendations to the Board of Direc 
tors on matters referred to it. Because its 
members believe that all recommendations 
should reflect the general attitude of the 
Sections, the work of the Committee was 
mainly concerned with correspondence 
with the Sections in order to determine 
the Sections’ desires on the matters sub 
mitted to the Committee. Therefore, al! 
the recommendations made constituted 
the majority Section opinion. 

Consolidation of Operating and Assv- 
ciate Member Classifications—On the 
basis of its exploration, the Committee 
unanimously recommended in favor of 
the consolidation of the Operating and 
Associate Member classifications, to be 
known in future as ‘Associate Member, 
with annual dues of $10. 

Society Districts—The Committee rec 
ommended that the Society be redis 
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Why can’t we slight even the smallest detail in the If all who make welding electrodes used the electrodes 
Ri a manufacture of SMITHway Certified Welding Elec- they make, as we do, they would know why our rule book 
ems: trodes? Here’s why! It is an everyday occurrence for says—“There are no unimportant details in the manu- 
and As. men in our plants to weld vessels that must withstand facture of SMITHway Certified Welding Electrodes.”’ 


‘ions 

and Sec working pressures up to 5000 pei! That is the kind of dependability we offer you in 
When welding electrodes must shoulder their share SMITHway Electrodes. And they can give you what 

ke of that kind of responsibility, only the best are good they give us—better welding results at lower time and 
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tricted into seven Districts, in accord- 
ance with boundaries established by the 
Special Committee on Redistricting of 
Society, excepting that the southern 
boundary of District No. 1 be on east 
and west line following county boun- 
daries in Central New Jersey, including 
Trenton in District No. 1. 

Section Boundaries—Because the out- 
lines of the boundaries of Sections have 
not been completed, the Committee 
makes no recommendation at this time. 

By - Law Amendments—By - Law 
amendments recommended to the Board 
of Directors were referred to this Com- 
mittee. A letter ballot was sent to all 
Sections in which each amendment was 
given in detail. The returns were in 
favor of all the amendments. The sub- 
jects of these amendments are listed be- 
low: 


Article VIII, Section 1 (1), Educa- 
tional Committee 

Article VIII, Section 1 (m), Com- 
mittee on Awards , 

Article I, Section 2, Student Members 

Article IV, Student Chapters 

Article III, Section 3, Section Boun- 
daries 


General Recommendations—The Sec- 
tion Advisory Committee has been func- 
tioning merely as a liaison body between 
the Board of Directors and the Sections. 
In so doing, it overlaps functions that 
should be performed by the District 
Vice-Presidents. Therefore, the Section 
Advisory Committee recommended its 
discharge and that all of its functions 
be taken over by a Committee, the 
membership of which shall be the Dis- 
trict Vice-Presidents. In the past, 
District Vice-Presidents have not been 
able to function effectively because of 
the fact that their duties were too in- 
definite. If formed into acommittee with 
a chairman, they will be in a position to 
properly represent the Sections’ views 
to the Board of Directors of the Society. 
In line with this recommendation, an 
amendment of By-Laws referred to pre- 
viously has been prepared by the By- 
Laws Committee and submitted to the 
coming Section Officers Conference for 
consideration. 


Special Committee on Membership A pplica- 
tion Form 


At the request of the Board of Directors, 
this Committee, in consultation with the 
Membership Committee, prepared a re- 
vised application form for Members and 
Associate Members which has been ap- 
proved by the Directors. On instruction 
of the Board, this application is to be con- 
sidered the standard application form for 
Member and Associate Member grades. 
Work on an application for Sustaining and 
Student Members has not been completed. 


Education 


Early in the year steps were taken to 
broaden the scope of the Educational Com- 
mittee and to eliminate restrictions with 
respect to the functions of this Commit- 
tee. The Committee was given two as- 
signmenits, one, the preparation of a pros- 
pectus or pamphlet entitled, ‘Training of 
Welding Engineers,” and the other, the 
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preparation of a publication to include a 
résumé or outline of all successful educa- 
tional courses undertaken by the Sections. 
The purpose of the first mentioned was to 
stimulate welding in educational institu- 
tions and to acquaint engineering students 
with welding fundamentals and welding 
processes. The second was intended to aid 
Sections desiring to put on educational 
courses, wanting guidance and the experi- 
ence of the other Sections. Progress has 
been made on both assignments. 

In the former case, the subcommittee 
has collected a number of ideas but has 
not yet boiled them down and assembled a 
prospectus. The immediate need for this 
prospectus, the Committee feels, seems to 
have diminished owing to the war train- 
ing programs. A meeting of the committee 
is called during the Annual Meeting to 
discuss plans for preparing a prospectus 
that can be ready when educational in- 
stitutions go back to normal. 

In the latter case, a communication was 
mailed by the subcommittee chairman to 
all Sections of the Society. Replies re- 
ceived are being summarized and from 
this data, an outline for a course will be 
prepared for submittal to the Sections 
seeking guidance. 


Code of Principle of Conduct 


The Committee finds itself in the fortu- 
nate position of not having to function 
during the year. 


Employment Service 


For the benefit of the Society member- 
ship and the welding industry, a column in 
THE WELDING JOURNAL is devoted each 
month to Positions Vacant and Services 
Available. We are able to include only 
those coming to the attention of Head- 
quarters. We shall be glad to have more 
members take advantage of this service. 


In Memoriam 


It is with deep regret that the death on 
September 3, 1943 of Mr. L. S. Moisseiff, 
noted structural bridge engineer, is re- 
corded. Mr. Moisseiff has served the 
Sotiety faithfully in the capacity of Vice- 
President, Treasurer, Chairman of the 
Permanent Fund Committee, as well as 
Chairman of the Structural Steel Com- 
mittee of the Welding Research Council. 


In Appreciation 


In concluding the report on the year’s 
activities, it is fitting that due recognition 
be given those responsible for these 
achievements. Therefore, occasion is 
taken here to express gratitude to the 
Officers, Directors and Committees of the 
National Society and its Sections, to Tue 
WELDING JOURNAL advertisers, to Sus- 
taining Members and Sustaining Com- 
panies, for their generosity and loyal sup- 
port of the Society’s work. 


Welding Research 


By C. A. Apams, Chairman, Welding 
Research Council, Engineering Foundation 


About the Ist of January the Welding 
Research Committee was completely re- 
organized and renamed the Welding Re- 
search Council. The principal reason for 
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this reorganization was to bring about 
simplification of structure and to enable 
the Welding Research Council to Carry og 
its activities more closely with the war ef. 
fort. Some committees were discontinued 
for the duration, and the work formulated 
under the following project committes, 
Duplication of effort and red tape haye 
been practically eliminated. 


Aircraft Welding Research Committe. 
Fatigue Testing (Structural) Committe. 
High Alloy Steels 

Light Alloys 

Literature Committee 

Nickel Alloys 

Resistance Welding 

Structural Steel Committee 
University Research Committee 
Weldability Committee 

Weld Stress Committee 


Some of the large scale projects of major 
importance are briefly described below, 


Residual Stresses 


During the past year the problem has 
been formulated. A start has been made 
in reviewing the literature, and some pieces 
of researches have been undertaken on a 
limited scale. Investigations to date haye 
proved that in so far as mild steel is con- 
cerned local residual stresses are not harm- 
ful where plastic flow of the steel is pos- 
sible. These investigations are being ex- 
tended to cover general stresses in struc- 
tures, and conditions where plastic flow 
is restrained. 


Weldability 

During the past year with the aid of ‘he 
National Defense Research Committee a 
magnificent start has been made and an 
understanding reached as to the basic 
factors involved in weldability in so far as 
the base metal is concerned. We have the 
basic data to specify proper welding 
conditions for most of the low-alloy steels 
under different weather conditions, thick- 
ness of material and type of joint. Over 
$100,000 has been spent to date on this 
problem. This work was carried out at a 
large number of laboratories, including the 
following: 


Lehigh University 

Rensselaer Polytechnic Institute 
Battelle Memorial Institute 
Naval Research Laboratory 
Carnegie Illinois Steel Corporation 
Climax Molybdenum Company 
Columbia University 

Nine reports have been published 


Fatigue of Metals 


An outstanding piece of testing researc! 
amounting to about $80,000 has been car- 
ried out by the Council for a number of 
years under the direction of the Fatigue 
Testing Committee (Structural) at the 
University of Illinois. The behavior of 
butt-welded joints in mild steel has been 
fairly well covered. Some work still re 
mains to be done in the low-alloys field 
A great many investigations have bee! 
carried out on fillet joints; but the trouble: 
some problem of geometry in causing stress 
concentrations has overshadowed the 
welding variables. Engineers will be com- 
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“Dalite” Cover Glasses save West Coast shipyard 
19,116 man-hours in one month! 


A large shipyard (name on request) enjoyed this 
saving when they switched from untreated weld- 
ing-mask cover glasses to Bullock “Dalite”... 
the completely-covered processed glass with the 
tough ... no-pit, no-peel ... baked-on coating that 
guards against heat breakage and damage from 
metal splatter. 


Saving many minutes—per worker—per day, 
otherwise wasted in replacing broken or easily 
pitted glasses, “Dalite” givesrealeconomy. Keeps 
more welders... welding... more of the time. 
If cost is counted as it should be... if you pay 
only for what you use... “Dalite” is actually 
cheaper! Welders tell us that one “Dalite’” glass 
lasts as long as three to five ordinary glasses. 


Make this test at our expense. Return the cou- 
pon. We'll send you 10 “Dalite” glasses . . . Free! 
Test them side by side against your regular cover 
glasses. Put them under a steel cutter’s torch. 


Hold them there... right in the slag . . . see the 
difference! 


HOPKINS ENGINEERING CO. 


DETROIT 2, MICHIGAN, 2-159 General Motors Bldg., Trinity 19260 
CHICAGO 1, ILLINOIS, 230 Nerth Michigan Ave., Central 8509 


L. H. BULLOCK CO., MFR., Berkeley, California 


Mail This Coupon, Nou! 
HOPRINS ENGINEERING 230 A. AVE, CHICAGO 1, 


Send free and postpaid, 10 Bullock “Dalite” Glasses. 1 want 
first-hand proof that “Dalite” is a great time and money saver. 
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pelled to reorient their thinking in design 
work with a view toward the elimination 
of these stress concentrations. 


Aircraft Research and Resistance Welding 


Some 12 reports have been issued under 
the auspices of the National Advisory 
Committee for Aeronautics on a restricted 
basis. A few more general reports have 
been made available in the Welding Re- 
search Supplement. We are beginning to 
place resistance welding, so far as the light 
alloys are concerned, on a sound scientific 
basis. Most of the work to date has been 
done on spot welding. The investigations 
are being extended to include flash welding. 
Fatigue properties are also being investi- 
gated. Useful design data involving every 
variable are being made available to the 
industry. 


University Research 


The University Research Committee 
continues to be one of the inspirational 
projects affiliated with the Welding Re- 
search Council. It has started a number of 
important investigations which later have 
been taken over by the National Defense 
Research Committee, and expanded on a 
large scale. It continues to help the other 
project committees to develop newresearch 
centers and personnel for research work 
in the welding field. 


Literature 


The Literature Committee has made 
available in readily usable form to the re- 
search workers and engineers of the United 
States the welding research information 
that existed in the literature of the entire 
world. It is limited at the present time 
by the unavailability of foreign literature, 
suitable personnel and the fact that a good 
part of the work has already been done. 

During the year 620 Journal size (9 x 12) 
printed pages were published covering 
some 77 reports on almost every phase of 
welding. 


Technical Activities 


By R. W. Crark, Chairman, Outline of 
Work Committee, A.W.S. 


The close of the present fiscal year of 
the Society also marks the close of the 
second year of the Committee on Outline 
of Work as reconstituted to comprise the 
Chairmen of all A.W.S. Technical Com- 
mittees and three members-at-large des- 
ignated by the President. 

It has been the Committee’s aim to 
concentrate the efforts of the Society in its 
technical activities toward achieving the 
fullest possible contribution to the war ef- 
fort. Problems not related to war needs 
were given secondary consideration. 

To the end of furthering the Society’s 
contribution to the war effort, assistance, 
when required, has been rendered to the 
various government agencies and the 
Chairman of the Committee on Outline of 
Work, upon a vote of confidence by the 
Committee, has maintained contact with 
the U. S. Army Ordnance Department. 
To better render such assistance, an 
A.W.S. Army Ordnance Advisory Com- 
mittee is being organized which will 
cooperate with the Ordnance Department 
in preparing welding standards. 

The success of these efforts can best be 
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deterfnined by the progress report which 
follows. 

At its meeting on September 10, 1942, 
the Committee voted a recommendation to 
the Board of Directors that L. M. Dalcher 
be appointed to succeed W. Spraragen 
as Technical Secretary, Mr. Spraragen 
having expressed the desire to resign and 
devote his full time to editing THz WELp- 
ING JOURNAL and serving the Welding Re- 
search Council. This recommendation was 
approved by the Board of Directors at a 
meeting during the Annual Meeting of the 
Society. 

In November 1942, Mr. Dalcher was 
granted a leave of absence by the Society 
to join the Armed Forces. At its meeting 
on December 9th, the Committee recom- 
mended to the Board of Directors that S. 
A. Greenberg be appointed as Assistant 
Technical Secretary for the “‘duration”’ 
and C. W. Obert be designated as Acting 
Technical Secretary to provide the neces- 
sary guidance. This recommendation was 
approved by the Board of Directors. 


Consideration was again given to the 
holding of a Spring Session of Technical 
Committees but in view of the preoccupa- 
tion of committee members in other duties 
in the war effort, the Spring Session was 
not held this year. 

During the past year the Rules to 


Govern Technical Committees were re- 
viewed and revised. 


The accomplishments of the Society’s 
technical committees have been signi- 
ficant. The following reports were ap- 
proved and published: 


Tentative Specifications for Aluminum 
and Aluminum Alloy Metal Arc Weld- 
ing Electrodes 

Recommended Practice for the Spot and 
Seam Welding of Low Carbon Steel 
(Emergency Standard) 

Code of Minimum Requirements for 
Instruction of Welding Operators: 
Part B-1 Oxyacetylene Welding of 
Steel-Aircraft (published for com- 
ments) 

A.W.S.-A.S.T.M. Tentative Specifica- 
tions for Iron and Steel Arc Welding 
Electrodes A233 (revised edition) 

Proposed Tentative Tests for Metal Arc 
Weldability of Steels (published for 
comments) 

Design of Joints for Arc and Gas Weld- 
ing in Marine Construction (published 
for comments) 

A.W.W.A.-A.W.S. Standard Specifica- 
tions for Elevated Steel Water Tanks, 
Standpipes and Reservoirs (revised 
edition) 

The Society has also actively cooperated 
in the technical work of other societies and 
associations. The Society has representa- 
tion on approximately 20 committees of 
other organizations. The reports of these 
representatives will serve to show the prog- 
ress made. In addition the Society has 
recently appointed a representative on 
A.S.A. Sectional Committee Z10 on 
Standardization of Letter Symbols and 
Abbreviations. 

During the past year the following Com- 
mittees were discharged because of their 
inactivity and in order to give the mem- 
bers serving thereon an opportunity to 
serve on active Committees. 
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Committee on Recommended Prag 
for Fusion Welding High-Alloy Sten 
Committee on Weldability Tes; ty 
Steel (the work of two Subcommittas 
was transferred to Committe Z 
Standard Tests for Welds and pg 
lished by that Committee) 
Committee on Arc Welding Standay 
for Shop-Erected Low-Alloy Six 
Subject to Dynamic Stress 
A.W.S. Representation on Amerigill 
Coordinating Committee on Corrosig 


From a review of the technical actiyitig 
during the past year and a consideratig 
of the projects for the ensuing year, ty 
Committee on Outline of Work looks fg 
ward to a year of continued progns 
The Committee has dedicated itself q 
exert every effort toward continued gel 
ice to the technical needs of our coun 
so that the AMERICAN WELDING Socry 
can continue in its rightful position in iJ 
Greater War Effort. 


Welding in Marine Construction 


This Committee recommends a » 
statement of its objectives as follows: 


1. To effect coordinations amongst dam 
bodies in the Marine field concer 
with the administration of rules ay 
regulations relating to welding g 
order to bring such standards ; 
harmony with each other. 


2. To promulgate the maximum usi 
the Marine field of the genx 
codes and standards developed yim 
the Society such as 
Symbols, Qualification Procedwil 
Inspection, Testing, Training, etc 

3. To develop general principles rel 
ing to the avoidance of danger 
thermal stresses, undesirable dist« 
tions, etc. 

4. To discuss common welding proiy 
lems and to make recommendatig® 
as to their solution. 


During the year the Committee has 
formally given a great deal of consid 
tion to welding problems in the Mam 
field. It has concerned itself primaigyy 
with problems relating to cracking 4 
plates and welds in ship construction. | 
has cooperated with other groups # 
bodies interested in these problems. 

A tentative set of Marine Joints ™ 
published in the November 1942 issue 
THE WELDING JOURNAL for the purpose 
securing comments. The few replies 
ceived indicated the desirability of wi} 
holding formal approval and to await 4 
findings of another committee of the 47 
ciety dealing with the general problem! 
welded joints. 

Revisions of the A.W.S. Marine Pipa 
Code are now practically complete and 
revised rules will be published shortly 

A supplementary report by the Ti 
mal Stress Subcommittee dealing with * 
problem of cracking in ship construct 
will be available shortly. A meeting" 
be held early in September to conside 
new draft of the report. The Commit 
has focused attention on these proble 
and they have received attention at m® 
ings of the Society, reports in the Jour 
and in the research programs of the We 
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(>. of the best kept secrets in the 
welding industry is the feasibility 
and the amazing economy of Unamatic 
hard re-surfacing of rolls of all kinds, shaft- 
ing, wheels, bearings and other cylindri- 
cal elements that wear down in service. 
Railroads and the steel industry can save 
tens of millions of dollars every year by 
simple applications of Unamatic re-sur- 
facing to wheels, axles, rolls, etc. now dis- 
carded instead of being easily reclaimed. 

Unamatic circumferential welding has 
no arc-breaks to cause hard spots. It lays 
a better, smoother bead, round and round 


like a lathe, two, three or four times 


Re-surfacing of cylindrical pieces large 
or small is a field for which circumferential 
welding by the Unamatic process is 
especially adapted. Hardness of 200 to 
450 Brinell on mild. steel, and higher 
with high carbon, is readily attainable. 

Right now wider use of Unamatic re- 
surfacing can save man power, release 
materials, save time and increase war 
production. After the war it will still be 
as economically sound 


and profitable. 


For more facts about the wide 
range of successful and highly 
profitable Unamatic Welding, 
write today for the new illus- 
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ing Research Council and the National 
Defense Research Committee. 


Resistance Welding Standards 


During the past year one Emergency 
Standard on the Spot and Seam Welding 
of Low Carbon Steel has been issued. 

There is in course of preparation Recom- 
mended Practices on pulsation welding of 
low carbon steel, on spot welding stainless 
steel, on projection welding including de- 
sign practice and on flash welding includ- 
ing definitions. Work on methods of test- 
ing is also being organized. Other work is 
being studied. 

A complete reorganization of the Com- 
mittee and the setting up of an Executive 
Committee has been made. 

The Committee is cooperating with the 
American Standards Association in the 
consideration of Standards for Electrodes 
for Resistance Welding. It has also co- 
operated with the British Standards In- 
stitute in the criticism of proposed spot 
welding standards. 


Aircraft Welding Standards 


This Committee prepared the Tentative 
Standards and Recommended Practices 
and Procedures for Spot Welding of Alu- 
minum Alloys during the preceding year 
which has now been issued to the industry. 
At the time, it was the intention of the 
Committee to observe the operation of the 
Standards in industry and revise them 
from time totime. The comments coming 
from the industry to the Chairman of the 
Committee were not sufficient to justify 
any action. It would appear, however, at 
this point that the Standards have been in 
operation a sufficient length of time to 
justify a thorough revision. To facilitate 
the handling of these revisions and the 
operation of the Committee in general, 
the Committee is being reorganized. It is 
hoped that this reorganization will permit 
more efficient functioning of the Commit- 
tee during the coming year. 


A.W.S.-A.S.T.M. Committee on Filler 
Metal 


The Joint A.W.S.-A.S.T.M. Committee 
on Filler Metal, organized as the best 
means of correlating the mutual interests 
of the AMERICAN WELDING Socrety and 
A.S.T.M. in matters relating to standards 
for Arc and Gas Welding Filler Metal and 
as applied to both ferrous and non-ferrous 
metals and alloys, held its organization 
meeting in Atlantic City, N. J., on June 22, 
1942. 

The following Subcommittees have been 
organized and are functioning at present: 

Subcommittee I—Iron and Steel Arc 

Welding Electrodes 
Subcommittee II—Iron and Steel Gas 
Welding Rods 

Subcommittee ITI—Aluminum and Alu- 

minum Alloy Filler Metal 
Subcommittee IV—High Alloy Steel 
Filler Metal 

Subcommittee V—Nickel and Nickel 
Alloy Filler Metal 

Subcommittee VI—Copper and Copper 
Alloy (being formed) 

Subcommittee VI I—Electrode Chart 


A Subcommittee on Copper and Copper 
Alloy is being organized. 
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To date the following tentative specifica- 
tions have been issued: 
Iron and Steel Gas Welding Rods A251- 
42T 
Iron and Steel Arc Welding Electrodes 
A233-43T which has now been revised 


Tentative Specifications for Aluminum 
and Aluminum Alloy Metal Arc Welding 
Electrodes B184-43T have recently been 
approved, and are to be issued shortly. 


The Subcommittee on High Alloy Steel 
Filler Metal has prepared a first draft of 
Tentative Specifications for High Alloy 
or Stainless Steel Electrodes. 


The Subcommittee on Nickel and Nickel 
Alloy Filler Metal has prepared a first 
draft of Tentative Specifications for High 
Nickel and Nickel Alloy Electrodes which 
is expected to be available in the near 
future. 


From the above résumé it will be noted 
that this Committee is actively engaged in 
producing filler metal specifications which 
it is believed will meet a definite need of 
the war effort. 


Rules for Field Welding of Storage Tanks 


The Committee on Rules for Field 
Welding of Storage Tanks is a standing 
committee prepared to review any mat- 
ters presented to it by any of the coordi- 
nating societies in regard to field-welded 
tank construction. During the past year 
the Committee reviewed by correspond- 
ence, some matters submitted by the 
American Water Works Association re- 
garding repairs to welded storage tanks, 
and also some matters regarding fittings 
design for welded oil storage tanks. 


A.W.W.A.-A.W.S. Committee on Specifica- 
tions for Field Welding of Steel Water 
Pipe Joints 


This Committee was organized in May 
1942, for the purpose of preparing Speci- 
fications for the Field Welding of Water 
Pipe Joints. The Committee has been 
actively engaged in this effort and is 
presently considering a third draft of 
these standards. Several meetings have 
been held during the past year for discus- 
sion of these standards, and it is hoped 
that continued progress will permit the 
Committee to complete these standards in 
the near future. 


Safety Recommendations 


During the past year the inquiries and 
problems that have been presented to this 
Committee have been largely handled by 
correspondence. 


Advice has been given in connection 
with proposed American Standards relat- 
ing to the maximum allowable concentra- 
tions of certain dusts, fumes, vapors and 
gases that might be encountered in welding. 


Inquiries have been received and an- 
swered in connection with distances at 
which those exposed to the welding arc 
need eye protection. 


There has been considerable  corre- 
spondence about various matters involving 
health hazards. In this connection atten- 
tion is called to the fact that on recom- 
mendation of members of this Committee 
Drs. A. G. Cranch and B. L. Vosburgh 
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presented a paper entitled ‘‘Heaith Aspect 
of Welding’ at the National Safety Con 
gress and Exposition held in Chicago j 
October 1942. This very excellent paper; 
reprinted in full in the May 1943 issue of 
THE WELDING JOURNAL. 

Several months ago the Division y 
Labor Standards of the U. S. Departmey 
of Labor, the National Electrical Many 
facturers’ Association, the Internation, 
Acetylene Association and the Americy, 
WELDING Society requested the America; 
Standards Association to develop a wa 
standard for safety in welding. Ty, 
Chairman of the Standards Council ap 
proved the initiation of this project unde, 
the War Standards Procedure. For thy 
past several weeks your Committee 
Safety Recommendations has been pr 
paring a draft for the consideration of tly 
A.S.A. Committee. It is expected that tl, 
draft will be ready for the A.S.A. Con 
mittee some time in September. 

A meeting of the Committee is scl 
duled for Tuesday evening, October 19th 
at the Morrison Hotel, Chicago, during th 
Annual Meeting of the Society. 


Standard Procedures of Welding and Stand 
ards for Welded Joints 


This Committee was appointed Maret 
26, 1942, for the purpose of preparing 
welding procedures and joint details for 
are and gas welding low carbon steels an 
commercial low-alloy steels. 

In an effort to simplify the work of th 
Committee, it was decided to prepare a 
arc-welding procedure before starting 
work on a gas-welding procedure. 

A tentative arc-welding procedure wa: 
prepared in March 1943, and distribute 
for comments. Subsequent to the recei 
of comments, three committee meetings 
have been held. It i; expected that ar 
vised procedure will soon be availabl 
which will again be distributed for genera 
comments before any definite action i 
taken. 


Welded Bridges 


This Committee was first organized 1 
1934 and assigned the task of preparing « 
specification for the welding of highway 
and railway bridges covering design con 
struction and repair. The first edition o 
this specification was completed in 193 
and several revised editions have beet 
published, the latest one in 1941. 

During the past year the personnel 
this Committee has been thoroughly t 
viewed and modified. A meeting of th 
Committee was then held and the work 
assigned to Subcommittees organized 
follows: 


Subcommittee 1—Materials 
Subcommittee 2— Design 
Subcommittee 3—Workmanship a! 
Technique 
Subcommittee 4— Definitions 
Subcommittee 5—Editorial 
Subcommittee 6—Advisory Subcomm'! 
tee on Research 
Subcommittee 7—Welded Bridge 
perience 


On the basis of the work outlined at ths 
meeting it is planned to further revise th 
specifications incorporating new ideas 
which have been developed since 1{+! 
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Saved \NSTALLATION 
and Stand because panel can be removed and empty cabinet re 
mounted on wall or welding machine. External wiring 
is “pulled in” and connected to terminal block on 4 
Marc! rear of cabinet. 
yreparing 
details for Sc 
Saved \NSPECTION 
because Safront panel swings out to expose all oper- | 
ork of th a ating parts for inspection at a glance. 
orepare a Calibrated timer dials with knurled ad- stress | 
starting justing wheels are mounted on the front WS 7 
of the protective Safront panel which ACEd MAINTENANCE 
edure was shields the operator from all electrically because simple magnetic relays and mechanical (pneu- 
listributei i five ports. matic) timers can be serviced using only screwdriver ! 
the receit and pliers. 
meeting 
that a re | 
Saved REPLACEMENT 
for general fi because complete new panel can be installed in a few 
action is minutes without disturbing external connections. 
ganized in ii because space is provided for adding low voltage con- 
reparing s i trol set or additional timing units. For example, 
f highway Off” timer added to NEMA 2B device converts it 
esign con- im to NEMA 3B. 
edition d Lf Loosening two screws permits 
d in 1936 i swing-out of the Safront timer — Safront weld and sequence timers are time savers 
panel. Control relays, timing units, terminalis, and 
rave been im wiring are instantly accessible for maintenance or because of ingenious construction features — but 
inspection. they are designed primarily to provide depend- 
able, accurate and consistent control of the various 
ing of ti steps in the resistance welding cycle. Large, easily 
the work read dials, calibrated 3 to 100 cycles, allow quick, 
janized a ‘ easy, and safe adjustment of the timing periods 
governed by individual pneumatic timing units. 
18 NEMA standard types of Safront timers are 
ship an available. These, together with special panels 
constructed to customer specifications, will ful- 
fill almost any resistance welding requirement. 
ibcommi! 
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Building Codes 


This Committee was organized in 1928 
to assist municipal and other code-writing 
bodies in the preparation of suitable regu- 
latory specifications for the application of 
welding in building construction. To 
that end the Committee has prepared and 
issued a Code for Arc and Gas Welding 
in Building Construction, the most recent 
issue having been published in 1941. 


In an effort to further the use of this 
code and also to determine how widely it 
is already being applied, a questionnaire 
was sent to building officials of the largest 
cities in the United States. A study of the 
replies received revealed that all of the 
principal cities in the United States per- 
mit the use of welding in one form or 
another. Thirty-six cities over 100,000 
in population have provisions in general 
conformity with the A.W.S. Code. 
Twenty-seven of the cities of population 
between 50,000 and 100,000 have provi- 
sions which are also in general conformity 
with the A.W.S. Code. Approximately 50 
additional cities permit the use of welding 
either under their own provisions or by 
special permit. 

In addition such code-writing bodies as 
the National Board of Fire Underwriters, 
American Institute of Steel Construction, 
the Pacific Coast Building Officials Con- 
ference and the American Standards As- 
sociation have also adopted welding pro- 
visions in general conformity with the 
A.W.S. Code. 


In view of the present interest in pro- 
grams of postwar construction, the Com- 
mittee intends to study the present code 
in detail and consider necessary revisions 
thereto. 


Minimum Requirements of Instructions for 
Welding Operators in Trade Schools 


This Committee was appointed in 1939 
and assigned the task of drafting proper 
minimum requirements for instruction of 
welding operators in trade schools. At 
the outset the Committee decided to 
formulate minimum requirements for four 
basic courses in welding, namely: (1) arc 
welding of heavy materials, (2) arc welding 
of light materials (sheet), (3) gas welding 
of heavy materials and (4) gas welding of 
light materials. 


In July 1942, a tentative edition of 
“Part A—Arce Welding of Steel to 
*/, In. Thick,” was issued covering the 
first basic course described above. 

The Committee then elected to consider 
the fourth basic course—gas welding of 
light materials—and because of the present 
urgent need for standards in instruction in 
the field of aircraft welding, this basic 
course was further subdivided into two 
sections. The first section now titled 
“Part B-1, Oxyacetylene Welding of Steel 
—aAircraft,”’ has been prepared and pub- 
lished in the July 1943 issue of Taz WeLp- 
ING JouRNAL. A reprint of this publica- 
tion in bulletin form has been prepared 
and is being circulated among public and 
private trade schools prior to final revi- 
sion and its subsequent publication as a 
tentative code. 


Upon completion of Part B-1, it is in- 
tended to consider a revision of Part A 
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prior to its issuance as a full standard of the 
Society. 

In addition, at the request of the 
Children’s Bureau of the U.S. Department 
of Labor, a special Subcommittee assisted 
in preparing a bulletin entitled “Which 
Jobs for Young Workers” pertaining to 
the field of welding. This bulletin is 
now available from the U. S. Department 
of Labor. 


A.S.A. Sectional Committee C-52—Electric 
Welding Apparatus 


This Committee was organized under 
the sponsorship of the AMERICAN WELDING 
Society and approved by the American 
Standards Association on February 28, 
1941. 

The function of the Committee is to re- 
vise the Standards for Electric Arc Weld- 
ing Apparatus and Standards for Resist- 
ance Welding Apparatus orginally issued 
in 1933. The Committee held an organi- 
zation meeting and appointed two Sub- 
committees to carry out the work. These 
Subcommittees report as follows: 

All members of the Subcommittee on 
Electric Arc Welding Apparatus agreed 
by letter ballot in 1942 that it would be 
desirable to defer revision of the Standards 
until after the war. 

The Subcommittee on Resistance Weld- 
ing Apparatus has held no meetings during 
the past year. The Chairman reports, 
however, that a tentative Standard cover- 
ing all resistance welding apparatus was 
prepared under the auspices of the War 
Production Board which forms a nucleus 
about which the Subcommittee will pre- 
pare an A.S.A. Standard during the com- 
ing year. 


Non-Destructive Tests for Welds 


This Committee was appointed in 1940 
for the purpose of preparing a report on 
methods of conducting non-destructive 
tests paralleling the Society’s Standard 
Methods for Mechanical Testing of Welds. 
During the past year it was decided that 
three Subcommittees be organized for the 
purpose of preparing manuals covering 
their respective aspects of weld inspection 
as follows: Subcommittee on Visual In- 
spection, Subcommittee on Magnetic 
Particle Inspection and Subcommittee on 
Radiographic Inspection. The first two 
of these Subcommittees have met during 
the past year and have considered first 
drafts of their respective reports. They 
are presently engaged in the preparation 
of corrected second drafts and it is ex- 
pected that continued progress will be 
made during the forthcoming year. 

A meeting of the Committee is scheduled 
during the forthcoming Annual Meeting of 
the Society at which a program for the 
preparation of radiographic standards for 
the inspection of weldments will be formu- 
lated. In this connection, cooperative 
effort with radiographic committees of 
other technical organizations is contem- 
plated. 


Welding Symbols 

The AMERICAN WELDING SOCIETY sym- 
bols were approved by the American 
Standards Association on November 4, 
1942, and have been published in pamphlet 
form by that organization. Several sug- 
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gestions have been made during the cours. 
of the year for minor changes in the sym- 
bols system. From informal discussion 
with a number of the members it was de. 
cided to make no changes in the symbol. 
until after the duration of the war. 


Definitions and Chart 


The present Committee on Definitions 
and Chart was appointed in 1938 and as. 
signed the task of revising and bringing yp 
to date the welding definitions prepareg 
by an earlier Committee of the Society 
and issued in 1929 under the caption, 
“Welding and Cutting Nomenclature 
Definitions and Symbols.” The Com. 
mittee completed its initial work in 1939, 
and its report was published in January 
1940, under the title, ‘‘Tentative Definj. 
tions of Welding Terms and Master Chart 
of Welding Processes.” 


During 1942 the Committee completed 
revision of the tentative report, which was 
approved by the Board of Directors on 
May 7, 1942. In the process of this re. 
vision the report was advanced to the 
status of a full standard. The new 1942 
edition incorporates numerous improve- 
ments over the previous tentative stand- 
ard. The terms are now grouped under 
appropriate headings and subheadings so 
that closely related terms appear together 
and their relationships may be more 
readily comprehended. Each term is also 
listed in an alphabetical index. Another 
improvement was the formulation of ver- 
bal definitions for a large number of terms 
which had hitherto been defined only by 
reference to a figure. 


Another function of this Committee has 
been to encourage the adoption of the 
standard definitions by other committees 
and societies as well as by publishers and 
industrial concerns. As a result of this 
activity the Society’s definitions have been 
adopted in whole or in part by a number of 
other organizations, including the Ameri- 
can Institute of Electrical Engineers, the 
American Standards Association, the 
American Petroleum Institute and the 
Resistance Welding Manufacturers’ As- 
sociation. 


Standard Tests for Welds 


The present Committee on Standard 
Tests for Welds was organized in 1940 and 
in 1942 issued a Tentative Standard 


' Methods for Mecharical Testing of Welds 


based on a similar standard previously 
issued. The revised report has since been 
advanced to the status of a full standard 
of the Society. It has also been published 
in the 1942 edition of the Welding Hané- 
book. 

With the dissolution of the Committee 
on Weldability of Steels this year, the 
Proposed Weldability Tests For Steel pre- 
pared by the Subcommittee on Tee Bence 
Test and Subcommittee on Weld Bead 
Hardness Test of the dissolved Committee 
were assigned to the Committee on Stané- 
ard Tests for Welds. These reports have 
been considered by the Committee and 
have been published in the June 1943 issue 
of THe WELDING JouRNAL. It is now i 
tended to consider these tests at a meeting 
of the Committee to be held in Chicago. 
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Standard Qualification Procedure 

The Society’s activity in preparing a 
standard qualification procedure was first 
organized in 1934 and the Committee as 
presently constituted was appointed in 
October 1937 for the purpose of revising 
and improving the previously issued stand- 
ard. Two subsequent revisions have been 
issued, one in 1938 and the most recent 
one in 1941. 


The Tentative Standard Qualification 
Procedure as issued in 1941 has been made 
a part of the following codes: A.W-S. 
Code for Arc and Gas Welding in Building 
Construction; A.W.S. Specifications for 
Welded Highway and Railway Bridges; 
A.W.S. Rules for Field Welding of Steel 
Storage Tanks; A.S.M.E. Boiler and Un- 
fired Pressure Vessel Codes; A.S.A. Code 
for Pressure Piping; A.P.I. Specification 
on All-Welded Oil Storage Tanks and 
A.W.W.A.-A.W.S. Standard Specifications 
for Elevated Steel Water Tanks, Stand- 
pipes and Reservoirs. 


In addition the Tentative Standard 
Qualification Procedure has been of valu- 
able assistance to many new welding shops 
which have been organized for producing 
war materials requiring the work of quali- 
fied welding operators. The Committee 
has also undertaken to assist in the inter- 
pretation of this code as required. 


At the last meeting of this Committee 
in October 1942 it was voted to consider 
a possible revision of the Code in an effort 
to simplify it. As a first effort an edi- 
torial revision was undertaken which was 
considered by the Editorial Subcommittee 
at a meeting in June 1943. It was decided 
at that time that in addition to an edi- 
torial revision, it might be possible at this 
time to also modify the actual provisions 
prescribed in the qualification procedure. 

It is expected to hold a meeting of this 
Committee during the Annual Meeting of 
the Society in Chicago for the purpose of 
outlining such a revision. 


Recommended Practices for Inspection 


The Committee was appointed Septem- 
ber 20, 1940, and subsequently made a 
report which appears as Chapter 30 in the 
1942 Welding Handbook. This report was 
also published in pamphlet form for gen- 
eral distribution. When the final draft 
of the report was submitted to the Outline 
of Work Committee, it was suggested that 
this Committee on the Inspection of Welds 
be discharged. However, it was not 
deemed expedient to follow this suggestion 
and the Committee was continued in antici- 
pation of the possible necessity for future 
revisions of some sort. 

As no occasion has so far arisen for any 
changes or additions, the Committee has 
been entirely inactive during the past year. 


A.W.S.-A.S.M_ E. Conference Committee 


While active cooperation with the 
A.S.M.E. Boiler Code Committee has 
continued through the past fiscal year, the 
number of questions requiring considera- 
tion and study has been considerably less 
during recent emergency conditions in 
industry. The Boiler Code Committee has 
been concerned more with questions aris- 
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ing from the use of emergency alternate 
specifications and other unusual questions 
of emergency nature than with ordinary 
problems of design and construction. 
With the decreasing man power that 
has resulted from war mobilization, weld- 
ing operator qualification problems have 
come sharply to the front, and our Com- 
mittee has been able to render the Boiler 
Code Committee valuable assistance. 


The Conference Committee has been 
fortunate in being able to supply data 
from the Society’s files which have assisted 
the Boiler Code Committee on numerous 
occasions. The members of the Confer- 
ence Committee are, of course, in close 
contact with the A.W.S. activities and 
they are thus able to keep the Boiler Code 
Committee in close touch with all de- 
velopments in this field. 


Committee on Pressure Piping 


This Committee was appointed on April 
12, 1928, to prepare a Code for welding 
pressure piping for all applications, includ- 
ing hydraulic, gas, air, oil and refrigera- 
tion. The membership of this Committee 
is identical with that of the ASA Sectional 
Committee on Code for Pressure Piping, 
Subcommittee No. 8, Sub-Group No. 4, 
which Committee has reported to the 
Main ASA Sectional Committee on Code 
for Pressure Piping. That Code has now 
been printed by the American Standards 
Association and is available upon request. 

The Committee has undertaken no new 
work during the past year. No additional 
work is contemplated during the coming 
year since it is believed that the ASA Code 
fully covers the matter of pressure piping, 


Reports of A.W.S. Representatives on 
Technical Committees of Other Societies 


American Standards Association 


Committee A-10—Safety Code for Con- 
struction Work 


This Committee is presently studying a 
preliminary draft of a Safety Code for 
Construction Work. This draft is being 
reviewed by our representative in coopera- 
tion with the A.W.S. Safety Committee. 
When this review has been completed, the 
draft will be returned to the A.S.A. Com- 
mittee together with our comments and 
recommendations. 


Committee A-57—Building Code Require- 
ments for Iron and Steel 


This Committee was organized in 1937 
to draft a section covering standard build- 
ing code requirements for structural steel 
construction. On June 11th of this year 
“Building Code Requirements for Struc- 
tural Steel (Riveted, Bolted or Welded 
Construction)’”” was approved by the 
American Standards Association. This 
standard is in complete harmony with the 
AMERICAN WELDING Society ‘‘Code for 
Arc and Gas Welding in Building Con- 
struction (Tentative)”’ and cites that docu- 
ment as the authority on details of weld- 
ing technique. 
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Committee B-31—Code for Pressure Piping 


The Committee has held no Meetings 
during the past year. The Code for Pres, 
sure Piping, prepared by the Committee 
prior to this year, was approved by the 
American Standards Association in No. 
vember 1942. Presumably the committee 
will be comparatively inactive until such 
time as further revisions of the Code are 
required. Inasmuch as a considerable 
part of the Code is concerned with proyj. 
sions for the use of welding, it is recom. 
mended that the Society continue to be 
represented on A.S.A. Sectional Com. 
mittee B-31 as long as that Committee jg 
maintained 


Committee C-42—Electrical Definitions 


This committee approved a revised list 
of welding terms and their definitions jy 
August 1941. A complete publication was 
issued in June 1942. This American 
Standard includes only welding terms 
which are electrical terms, and the balance 
of welding terms and their definitions wil] 
be found in the AMERICAN WELDING So- 
ciety “Definitions of Welding Terms and 
Master Chart of Welding Processes.” 

Reorganization of Subcommittee No. 10 
on “Electric Welding and Cutting” is now 
being considered and the AMERICAN WELp- 
ING SocrEty has recommended that the 
membership of Subcommittee No. 10 be 
the same as that of AMERICAN WELDING 
Society Committee on Definitions. 


Committee C-67—Preferred 
Volts and Under 


There is no activity to report. 


Voltage—100 


Commitiee Z-2—Protection of Heads and 
Eyes of Industrial Workers 


No meetings of this Committee have 
been held during the past year. Since the 
Code has to do with specifications for and 
tests of welding goggles, helmets, etc., it is 
recommended that A.W.S. representation 
on the Committee be continued. 


Committee Z-5— Ventilation Code 

During the past year this A.S.A. Sec 
tional Committee has taken no action that 
is of direct interest to the welding industry 
It is recommended, however, that A.WS 
representation on the Committee be con 
tinued as it is not unlikely that ventilation 
of welding operations will at some time or 
other come before this Committee for a! 
tention. 


Committee Z-10—Letter Symbols and Ab 
breviations for Science and Engineer- 
ing 


Representation to this Committee has 
recently been authorized. There is 10 
action to report at this time. 


Committee Z-32—Graphical Symbols and 
Abbreviations for Use on Drawings 


This Committee after reviewing the 
AMERICAN WELDING Socrety Symbols 4p- 
proved them on November 4, 1942, for 
issuance as an American Standard. The 
A.W.S. Symbols bulletin has been repro 
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Then you know how important it is that the metal 
deposited in the weld shall equal the Stainless 
you are welding. pace took away all uncertainty 
in that regard when they, in cooperation with the largest manufacturers of Stainless 


WNG 


Steel, produced a complete range of PAGE-ALLEGHENY STAINLESS STEEL ELECTRODES—a range 


so complete that from it you can select the exact electrode for your work. 


Because Stainless Steel stands so high on the list of critical materials, it is more than 
ever necessary to see to it that the electrode you are able to get will give you the proper 
metal in the weld And it becomes even more essential to see that you get electrodes 
of the proper diameter and that your men waste none of them. 


PAGE STEEL AND WIRE DIVISION 


Monessen, Pa., Atlanta, Chicago, Denver, Los Angeles, New York, Pittsburgh, San Francisco, Portland 


AMERICAN CHAIN & CABLE COMPANY, Inc. 


BRIDGEPORT + CONNECTICUT 


TRU-STOP Brakes, AMERICAN Chain, WEED Tire Chains, ACCO Malleable Castings, CAMPBELL Cutting Machines, FORD Hoists, Trolleys, 
HAZARD Wire Rope, Yacht Rigging, MANLEY Auto Service Equipment, OWEN Springs, PAGE Fence, Shaped Wire, Welding Wire, 
0 ~—-READING-PRATT & CADY Valves, READING Electric Steel Castings, WRIGHT Hoists, Cranes, Presses... In Business for Your Safety 


‘<a ESSENTIAL PRODUCTS... TRU-LAY Aircraft, Automotive, and Industrial Controls, TRU-LOC Aircraft Terminals, AMERICAN CABLE Wire Rope, 
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duced and is now available in the series of 
“American Standard Graphical Symbols 
for Use on Drawings.” 


American Society for Testing Materials 


Committee B-5—Copper and Copper Alloys 
This committee is responsible for draw- 
ing up specifications relative to wrought 


copper and copper alloys. No meetings 
have been held during the past year. 


American Institute of Electrical Engineers 


Committee on Electric Welding—Subcom- 
mittee on Power Supply for Welding 
Operations 


This committee has remained inactive 
during the past year since no problems of 
sufficient importance have been presented 
for its consideration. 


Association of American Railroads | 


Committee of Fusion Welded Tank Car 
Tanks 


This Committee on Fusion Welded 
Tank Car Tanks has not been advised of 
any meetings during the past year. 


American Petroleum Institute 


Field Welding of Casing 
This Committee has been inactive for 


sometime, and is likely to remain inactive 
for the duration. 


American Society for Metals 


Metals Handbook Committee 


There has been little activity in the 
Metals Handbook Committee during the 
past fiscal year as the work of preparation 
for the new edition of the A.S.M. Metals 
Handbook has been practically suspended 
for the duration. The only activity of the 
Committee has been the receipt of reports 
on revisions of certain chapters which 
have been submitted to the main Com- 
mittee. None of these reports, however, 
have been concerned with fusion welding 
and, therefore, your representative has 
not been called upon for active duty. 
After the emergency has passed the work 
on the new Edition will be resumed and 
therefore continuation of the representa- 
tion appears to be desirable. 


International Acetylene Association 


Committee on Welding & Cutting Chapters 
of A.S.M. Metals Handbook 


This Committee has been inactive dur- 
ing the past year and is likely to remain 
so for the duration. 


National Board of Boiler and Pressuy, 
Vessel Inspectors 


During the past fiscal year there ha. 
been some activity in the National Board 
that is of interest to the Society, notable 
among which is the consideration that has 
been given to their Rules for Repairs py 
Fusion Welding to Boilers and Pressure 
Vessels. These Rules which were Tevised 
in 1941, have been the cause of some dic. 
agreement among certain States and cities 
and much effort has been made by a group 
including your representative to haye 
these conditions corrected. At a recent 
national members’ meeting this problem 
was the subject of an extended discussion 


The National Board has held seven 
meetings of its Executive Committee ang 
also held a national members’ meeting 
during the past fiscal year. At the Execy. 
tive Committee meetings various questions 
in connection with the administration of 
welding rules in the Code have beep 
handled to the entire satisfaction of every- 
oue concerned. As a result of the study 
given to the question of repairing of 
boilers and pressure vessels by fusion weld- 
ing, a special committee was appointed to 
investigate the need for possible further 
revisions of the 1941 National Board Rules 
and your representative was named as 
chairman. When and if the need arises 
for actual revisions, assistance will be re- 
quested from appropriate committees of 
the Society. 


with the help of 


Ransome Positioners 


t is no exaggeration to say you can do just 

that. For, when Ransome equipment is in- 
stalled, your welders will no longer have to use 
their time and energy in shifting the position of 
their work . . . will no longer be delayed by 
waiting for crane service. 


These versatile positioners put welding into 
high gear . . . give each welder full control over 
his or her production . . . provide a downhand 
position for every weld, with resulting improve: 
ment in quality of welds and substantial savings 
in rods . . . and get out today the work that, 
with old methods, would still be in your shop 


tomorrow or next week. Wx. 


Write for full details, stating the 
general nature of your welding job. 
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GET TOMORROW’S WELDING DONE TODAY 
eee 
4 
RANSOME MACHINERY COMPANY 
WELDING POSITIONERS 
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KELEKET INDUSTRIAL 
X-RAY TUBE STAND 


airing of 
sion weld- 
aes A versatile tube stand that brings the work into range .. . | 
further 
ard Rules 
1amed as ERE is a tube stand with a tube that goes back and forth— =) 
- ote up and down— and around in a circle! It gives you range Ny 
rota and flexibility of movement that brings the work into range. Re al 
The tube arm (with 5’ 9” reach) moves on a ball-bearing ) " 
i carriage with six-foot vertical travel. Target to film dis- _ 
tance may be anywhere from 24” to 96 ‘above the floor. at 
—— The twin columns are mounted on a ball-bearing plate 
on which the entire unit may be rotated a full 360 degrees 
around its vertical axis. 


The tube itself, turning 360 degrees on its long axis and ie 
90 degrees on its short axis, can be set at any angle within oa 
its surrounding sphere. 


With this 12-A KELEKET tube stand, positioning the ob- 
ject becomes of minor importance, as even the most inacces- 


by! sible parts are within reach. Write for Special Bulletin F-12. 
ye to use 
sition of 
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MFG. COMPANY 


ling into 21812 WEST FOURTH ST., COVINGTON, KY. 
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PIONEER CREATORS OF QUALITY X-RAY EQUIPMENT SINCE 1900 
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A.-C. ARC WELDING FOUND 
SUPERIOR TO D..-C. 


A distinct preference for a.-c. are weld- 
ing is being shown by many concerns en- 
gaged in the welding of structural steel, 
according to General Electric. The steel 
gratings being welded at the Melrose Park 
Plant of the Mississippi Valley Structural 
Steel Co. provide a striking example of the 
differences between results obtained with 
a.-c. and d.-c. are welding. 

The first attempt to weld these gratings, 
which were fabricated of */y- x 8-in. mild 
steel plate mounted on positioning fix- 
tures to facilitate working on them, was 
made with d.-c. arc welders. Although the 
electrodes used are especially designed for 
fillet welding and suitable for use with 
either a.-c. or d.-c. welders and experi- 
enced, competent operators did the work, 
the results were not acceptable. 

Because weld beads had to be depos- 
ited on the inside of each cell-shaped open- 
ing, magnetic disturbance to the arc was 
especially troublesome. Consequently, 
undercutting was excessive and it was al- 
most impossible to deposit weld metal 
where it belonged. Reducing the welding 
current produced no appreciable change 
except a reduction in welding speed. 

The improvement noted when a 500- 
amp., a.-c. arc-welding transformer was 
put on the job was impressive. Even 
when the current was increased for faster 
welding, the arc was no longer disturbed 
by magnetism. As a result, the operator 
was able to deposit the weld metal into 
the full length of the joint without under- 
cutting. This permitted an increase of 
welding current, which, in turn, produced 
a welding speed about 20% higher than 
was possible with d.-c. welding. 


Steel Gratings Being Fabricated by A-C Arc Welding. 2 Gratings Are Mounted on 12-1 
20-Ton Positioning Fixture to Bring Each Joint Into Flat Position for Welding. In Plant of 
the Mississippi Valley Structural Steel Co. at Melrose Park, Ill. 


ELECTROLOY ALLOYS for RESISTANCE WELDING ELECTRODES and DIES 


ELECTROLOY ALLOYS were developed specifically for the resistanc Iding industry. ELEC. 
Spot TROLOY ALLOYS cover the full range of physical properties iveaiar> a4 the sanlodunes and user 
_ of resistance welding equipment. 
Flack nen will be glad to make recommendations for your special electrodes. Submit samples o 
specifications. 
Projection Catalog and prices available on request. 


THE ELECTROLOY COMPANY, Inc. 1600 Seaview Avenue, BRIDGEPORT, Connecticut 


| Buy ‘Proven Fluxes’? with Years of 

| Guaranteed Satisfaction behind them 

| The Trade-Name is **ANTI-BORAX”’ 

ys j Ask for Them Unequalled for Quality 

y, Y7 ARBIDE | A Flux for every metal: Cast Iron Welding Flux 
" No. 1; Brazing Flux No. 2; Braz-Cast Flux No. 4, 


for bronze-welding cast iron; “ABC” Aluminum 
Flux No. 8 for sheet Aluminum and all alloys of 
Aluminum; Stainless Steel Flux No. 9; Silver 
Solder Brazing Flux No. 10; No. 16 Silver Solder 
Paste Flux. 


SHAWINIGAN PRODUCTS 


EMPIRE STATE BLDG.. NEW YORK 


| ANTI-BORAX COMPOUND COMPANY 
CORPORATION | Fort Wayne, Indiana 
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Plant of 
DIES 
ELEC. 
and users 
mples o 
necticut 
—— fF The AO No. 650 Welding Helmet is scientifically de- 
Dsigned for use on the toughest welding jobs. Even in 
; cramped quarters—tanks, bulkheads, locomotive front ends, 
_ sections of ship hulls and other such places—this helmet 
of § provides maximum protection, flexibility and comfort~ 
em i Made of fibre, fabricated construction, it has ample back 
x ) ventilation, permits upward draft around the face—without 
} letting in harmful infra-red or ultra-violet rays from the 
lity 4 welding arc. A swivel connection between helmet and 
Mux p) headgear gives welder a choice of 3 positions. 
4, TheNo. 650 Welding Helmet, like all other AO Helmets 
red 4 and Handshields, is equipped with another \important de- as 
of AO Research Laboratories Plates. Americ an Optical 
3 plates are available in Shade Numbers 8, 9, 10, 11, fate... 
and 13, SOUTHBRIDGE, MASSACHUSETTS 
Ask your AO Safety Representative for complete details. 
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NEW PRODUCTS 


The Society assumes no responsibility 


WELDED TRANSFER BRIDGE SYSTEM 


The hundreds of giant C-46 Curtiss 
Commando Air Transports being turned 
out in a New York State plant of the Air- 
plane Division of Curtiss-Wright Corp. 
get their first boost upward with the new 
10-ton Cleveland Tramrail transfer bridge 
system which was especially désigned for 
this work. It is all welded. 

In fact, they get several rides during 
construction. The various fuselage sec- 
tions, wings, engines and other parts are 
brought together by means of the bridges 
which may be interlocked, enabling the 
transfer of loads from one bridge to an- 
other. 


The transfer bridges, which are com- 
pletely motorized, are controlled from the 
floor by means of pendant push-button 


stations. The equipment was built by 
the Cleveland Tramrail Division of The 
Cleveland Crane & Engineering Co., 
Wickliffe, Ohio. 

The airplane illustrated, when com- 
pleted, is approximately 76 ft. long, with 
a wingspread of 108 ft. and an over-all 
height of 22 ft. Its empty weight when 
fully equipped is approximately 14 tons. 


PORTABLE SPOT WELDER FOR 
ALUMINUM ALLOYS 


Crowded and fixed jigs can be easily 
reached with this new radial-type gun 
spot welder, specially designed for alu- 
minum and light alloys. Tacking opera- 
tions as well as structural welding on 
large or fixed aluminum structures can be 
accomplished with greater speed and 
efficiency. Developed by Sciaky Bros., 
4915 W. 67th St., Chicago 38, IIl., this 
machine employs the stored energy prin- 
ciple and variable pressure Cycle, Sciaky 
features which have proved successful 
on standard press and rocker arm types. 
Known as type PS2R-1, this welder is 
rated at 100 kw. and has a capacity for 
aluminum of from two thicknesses of 
0.016 in. up to 0.064 in.—corrosion-resist- 


for the validity of claims in this Section 


ing steels from two thicknesses of 0.016 
in. up to 0.080 in. The cables are 
mounted to the gun on horizontal water- 
cooled copper bars of heavy section. 
These permit the use of light section 
cables to the gun, as electrical losses are 
reduced to a minimum. The flexible 
cables make the operation of the gun 
comparatively easy. The control cabi- 
net, main welding reactor, monorail and 
special copper bars connecting the gun to 
cables are all built as a self-contained unit. 
This unit is mounted on a stationary 
column and pivots on a vertical axis by 
means of ball bearings mounted inside the 
column. The unit can pivot 180° and the 
machine area reached by the welding gun 
is represented by a half circle of 23 ft. in 
diameter. Transversal movement of the 
gun on a straight line can be 12 ft. in 
length and vertical movement 20 in. above 
and below a minimum position. The 
weight of the gun and cables is compen- 
sated for by a balancing device and the 
gun travels on the monorail over a 
length of 3 ft. 4 in. Pressure as high as 
1600 Ib. is supplied to the gun by means of 
a special air-operated hydraulic booster. 
A variety of horizontal and vertical gun 
types is available. The unit may be 
either stationary or buggy-mounted (illus- 
trated). 


SPATTER-PROOFS JIGS AND FIXTURES 


Protect-O-Metal No. 7 is a new com- 
pound which protects jigs and fixtures 
from weld spatter. The compound is 
brushed on and allowed to dry. It forms 
a hard finish which prevents flash and 
spatter from adhering to the jig. The 
compound stays on. . .the spatter bounces 
off. All the time and labor formerly re- 
quired to clean spatter from jigs and fix- 
tures are eliminated. 

In resistance welding it prevents dies 
and welding holder jaws from becoming 
jammed with spatter. 

One coating of No. 7 remains effective 
from 10 days to 2 wk. Constant reappli- 
cation of the compound is unnecessary, 
thereby saving time and labor. The ma- 
terial will not rub off on workmen’s 
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clothes or hands. Whenever desireg it 
can be quickly removed from the ig by 
washing with water. ; 

Packaged in 1- and 5-gal. cans. Write 
George W. Smith & Sons, 79 §. Sperling 
Ave., Dayton, Ohio. 


ELECTRODE HOLDER 


The Golden Rod Equipment Co’, 
simplified electrode holder, which has been 
meeting with such remarkable succes 
with West Coast industries, has recently 
been further improved. The weight has 
been reduced to 12 oz., and all metal parts 
are now manufactured from brass, giving 
a high conductivity and assuring a coo) 
holder. 


The tip, which takes the brunt of the 
heat, has been redesigned and re-engi- 
neered, and is now molded from a high 
impact and high heat-resistant phenolic 
It is now rounded on the end instead of 
flat for better metal shedding, and the 
sharp knurles at its base have been 
changed to smooth flutes. This makes for 
a more positive grip for the welder when 
adjusting the tip and eliminates catches 
for metal beads. 

In order to reduce maintenance costs 
every effort has been made to simplify 
the Golden Rod holder. There are only 
three main parts; the handle, brass stem 
and tip. There are only nine parts in all 
bundle, brass stem, tip, retaining screw 
nut, insulator, terminal and two Allen 
screws. It is fully insulated. The plastic 
tip and handle prevents flashes, flare 
backs and shorts. Weighs 12 oz. 

The Golden Rod electrode holder is dis- 
tributed by the Golden Rod Equipment 
Co., 500 Sansome St., San Francisco, 
Calif. 


NEW THERMOCOUPLE 


The Claud S. Gordon Co., 3000 § 
Wallace St., Chicago, has developed : 
new Vent-Type Thermocouple, which © 
a new type of assembly eliminating the 
collection of gases and reducing contam 
nation toa minimum. A vent at the top 
permits the gas to escape and, by art 
ficial circulation, admits the right amoutt 
of pure air to take its place. In some 
cases, when it is convenient, an air C00 
nection is made with the blower and a very 
small amount of air is circulated throug! 
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or is dis- This radial portable spot welder for aluminum and light alloys will 
uipment Ee fill a long felt need in the fabrication of light structures. Sciaky 
a engineering now makes it possible to bring the advantages of alumi- 
“num spot welding to the assembly. Crowded and fixed jigs can be 
Dimension drawing of Sciaky Type PS2R-1, 100 KW easily reached. Tacking operations as well as structural welding can 
Radial Portable Spot Welder, showing maximum be accomplished with greater speed and efficiency. 
reach of gun and 180° rotation. Capacity: Aluminum , 
3000 § and light alloys in two thicknesses of .016” minimum Stored Energy with Preheating and Variable Pressure, teatures 
loped a up to and including .064”—corrosion resisting steels which are established as superior in the welding of aluminum, are 
vhich s up te two thicknesses of .080 . employed. The control cabinet, main welding reactor, monorail and 
sith special copper bars connecting the gun to cables are all built as a 


self contained unit. This unit is mounted on a stationary column and 


the top 
by art: Sseizny Sy Ro Ss. pivots on a vertical axis by means of ball bearings mounted inside 


amount ‘ 
the column. Transversal movement of the gun on a straight line can 


n some , 

Manvtocturers of a Complete Line of 
7 = AC and DC Electric Resistance Welding bine be 12 feet in length. Lege: gun oy ee be moved vertically 20 inches 
4915 W. 67th Street, Chicago, 38, Illinois 


1943 ADVERTISING 


3 
3 | 4 
| \ 
\ 


Gordon Vent-Type Thermocouple 


the tube. Too much air may make a 
slight error in the reading of the thermo- 
couple; however, just a small amount of 
air will remove the contaminating gases 
without affecting the thermocouple read- 
ing. One of the chief difficulties experi- 
enced in obtaining satisfactory life of tubes 
and thermocouples used in liquid baths 
such as cyanide and salts is contamination 
of the thermocouple by gases which collect 
in the protecting tube. Where these 
gases come from is not known but ap- 
parently they pass through the tube by 
penetration over a period of time just as 
in the process of cyaniding or carburizing 
of steel. Suffice to say, they are present. 

By use of the Gordon Vent-Type Ther- 
mocouple it is possible to increase by two 
or three times the life and efficiency of the 
thermocouple. 


UNIVERSAL RESISTANCE SEAM-SPOT 
WELDER 


The Universal Resistance Welder for 
heavy duty, being just placed on the 
market by the Eisler Engineering Co., 
Newark 3, N. J., incorporates an air- 
operated, efficiently water-cooled, auto- 
matic press-type welding machine of 
high capacity. This welder shown in the 
accompanying picture in its various ap- 
plications, is adaptable for circular and 
longitudinal seam welding and by a simple 
change of electrodes, for spot-welding 
operation. The adjustment from one to 


the other seam welding position is manu- 
ally performed by loosening four nuts on 
the upper as well as lower turret holder, 
and rotating and fixing both turrets again 
in the desired position, according to a 
matching notch which marks the correct 
alignment. Conversion from seam welding 
“to spot welding is accomplished by remov- 
ing the caps from the upper and lower 
turret and replacing the seam wheel 
shafts with proper spot-welding horns. 
It should be stated on this occasion, that 
seam welding is principally a spot-welding 
process and that all factors governing spot 
welding are equally applicable to seam 
welding. 


The over-all dimensions of the 100-kva. 
machine are: height 88 in., length 93 in. 
and width 47 in.; the weight is 6200 Ib. 
Figures 1 and 2 illustrate circular and 
longitudinal seam welding, respectively, 
and Figure 3 the spot-welding application. 


COPPER ‘SEWING MACHINE” 


Water-cooled tongs help this workman 
at the Sharon, Pa., plant of Westinghouse 
Electric and Manufacturing Co. “sew” 
together two copper bars for a trans- 
former. Where the carbon jaws grip 
the metal, the temperature goes as high 
as 1800°—at the other end the tongs are 
only confortably warm. The “‘sewing”’ 
process (brazing) seals the bars together 
without the use of solder which contains 
war-scarce tin. The push-button control 
under the operator’s sends current through 
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23, 19 
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Tamp: 
Fla. 
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the metal, fusing the pieces tightly to discus 
geiher. The operator wears dark glasse At 
to protect his eyes from the vivid orang titled 
glow created by the extreme heat. meeti 
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THERMIT FILM Meth 
Athle 
A 16 millimeter color film, with sound Boys 
showing the fabrication of ship ster highli 
frames by the Thermit welding process, has 
recently been produced by Metal & 
Thermit Corporation, 120 Broadway, Ney CHIC 
York. Approximately 900 feet long, a Th 
taking about 25 minutes to run off, i ose) 
starti 
shows all of the steps in the constructior Chic: 
of a stern frame from the time the casting: 7-30 
are received at the shipyard until the ; Gas , 


finished frame is installed in the ship 
The film is available for showing befor 

technical groups and associations inter 

ested in ship building and welding. 


HIGH CONTRAST POWDER 


The St. John X-ray Service, Lon 
Island City, N. Y., announces a new high 
contrast powder which intensifies ll 
types X-ray film. With it radium expo 
sure time is cut in half, hidden detail 
revealed and diffraction lines clearly 
defined. Underexposed films are sal 
vaged. The powder is invaluable wher 
reexposure is prohibited. 
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The men who man high speed spot welding guns, single and multiple 

0°" spot welders, seam welders and flash welders . . . rely on Mallory for 

a long life electrodes! Write for your free copy of the factual Mallory 
Resistance Welding Data Book . . . today. 

P. R. MALLORY & CO., Inc., INDIANAPOLIS, 


INDIANA « Cable Address — PELMALLO 
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CHATTANOOGA 


The November meeting of the Chat- 
tanooga Section of the AMERICAN WELD- 
iwc SocreTy was held Tuesday, Nov. 
93, 1943, at the Hotel Patten in Chat- 
tanooga. The principal speaker was R. 
W. Brendle, welding engineer of the 
Tampa Shipbuilding Co., Inc., of Tampa, 
Fla. The subject of his talk was ‘“Welding 
in Naval Construction,”” which was il- 
justrated by a number of slides. A general 
discussion followed the talk. 

At the same meeting a naval film en- 
titled ‘Full Speed Ahead”’ brought to the 
meeting by Mr. Brendle, was shown. 

Dinner preceded the main speaker and 
the after-dinner speaker was C. M. S. 
McIlwaine who is Alumni Secretary and 
Athletic Director of McCallie School for 
Boys in Chattanooga. He gave some 
highlights on his seventeen years in Japan. 


CHICAGO 


The following is the program of meetings 
starting with the December meeting of the 
Chicago Section. All meetings start at 
7:30 P.M. and will be held in the People’s 


S Gas Auditorium, 122 So. Michigan Ave. 


' an Exact Science Vs. 


December 17th: ‘‘Welding for Army 
Ordnance,’’ Captain S. C. Massari, Chi- 
cago Ordnance Branch. Movies, ‘Atomic 
Hydrogen Welding’ and ‘Mexican 
Moods.” 

January ‘‘Resistance Welding, 
Blacksmithing,” 
G. N. Sieger, S-M-S Corp. Movie, ‘‘Amer- 
ica Can Give It.”’ 

February 18th: “The Effect of Pro- 
cedure Control on Quality and Cost of 
Are Welding,’’ Walter J. Brooking, Dir. 
of Testing & Research, R. G. LeTour- 
neau, Inc. Movie, ‘South of the Border.”’ 

March 17th: ‘Heavy Oxy-Acetylene 
Cutting’ E. V. David, Air Reduction 
Sales Co. Movie, ‘Battle for Oil.” 

April ‘‘Welding Magnesium AIl- 
loys,” W. S. Loose, Dow Chemical Co. 
Movie, ‘“World at War.”’ 

May 19th: “Welding of Copper Al- 
loys," C. E. Swift, Ampco Metal, Inc. 
Movies, “Airplane Changes the World 
Map” and ‘Pan-American Paradise.”’ 


CLEVELAND 


The regular meeting of the Cleveland 
Section of the AMERICAN WELDING So- 
CIETY was held Wednesday, November 
10th, 8 o’clock at the Cleveland Engineer- 
ing Society. 

The speaker of the evening was Cyril J. 
Bath, President, Cyril Bath & Co., Cleve- 
land, Ohio, on the subject, “Welded 
Brakes and Their Use in the Welding 
Shop.” 

Mr. Bath has been in the machine manu- 
facturing business for thirty years and is 


SECTION ACTIVITIES 


a pioneer, both in welded construction as 
applied to machine tools and the use of 
the bending press or brake as a valued 
adjunct in welded fabrication. He is the 
holder of many patents, taken out early 
when the process was so new that it 
sounded like invention to use it. His 
company is the manufacturer of a heavy 
line of steel bending presses, also a wide 
variety of all-welded special machinery 
for the aircraft and armor plate trade, 
which are used in practically every in- 
dustrial country in the world. 

In his talk Mr. Bath described a new 
development by his company of stretch 
forming and the production of curved 
work, as well as the ordinary straight-line 
production of the bending press. 

A color film ‘Jap Zero’”’ was shown de- 
scribing the various types of ships. 

E. J. Wellauer of The Falk Corp. was 
the speaker for the December 8th meeting. 
His subject was, ‘Castings, Their Use in 
Weldments.” 

The Cleveland Section has arranged the 
following educational program. An eight- 
week course in ‘Welding Metallurgy” 
will be given at Case School of Applied 
Science by Professor Gerald M. Cover, 
with Denton T. Doll as an alternate. 
This course will be of the lecture-demon- 
stration type, covering a two-hour period 
each week. No laboratory work is con- 
templated. The course is designed mostly 
around the ferrous metals as these are the 
ones most commonly met with in welding. 
The course is free and is limited to 35 
students. 


COLUMBUS 


H. W. Foege, Mid-Western Sales Man- 
ager, Eutectic Welding Alloys Co., dis- 
cussed ‘‘Eutectic Low Temperature Weld- 
ing and Brazing’’ at the November 12th 
dinner meeting of the Columbus Sec- 
tion held at the Southern Hotel. 


DETROIT 


The November meeting of the Detroit 
Section was held on Friday, November 
5th. J. R. Spence of the Stoody Co. spoke 
on “Hard Surfacing.”’ He outlined the 
characteristics of the four general types of 
hard surfacing materials and emphasized 
the importance of selecting the correct 
type on the basis of job requirements. 
Steve Smith of the Air Reduction Sales 
Co. spoke on “Flame Hardening.”’ Both 
talks were well illustrated with slides. 


INDIANAPOLIS 


The following were installed as officers 
of the Indianapolis Section at the Sep- 
tember 17th meeting: J. Raymond Wirt, 
Chairman; R. H. limes, Vice-Chairman; 
George Mann, Secretary; Paul F. Grubbs, 
Treasurer. 
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KANSAS CITY 


The November meeting of the Kansas 
City Section of the AMERICAN WELDING 
Society was held Tuesday evening, Nov. 
9, 1943, at Fred Harvey’s Pine Room. 

Chairman Edgar H. Finlay introduced 
the guest speaker, W. S. Loose of The 
Dow Chemical Co., whose subject was 
“The Working of Magnesium Alloys.” 
Mr. Loose requested that the meeting be 
very informal and that questions be asked 
at any time. His request was granted in- 
asmuch as he was bombarded with ques- 
tions thoughout his discussion. A sound 
film was shown which clearly illustrated 
the use and the methods of working mag- 
nesium alloys and was of intense interest 
to the members present. Slides were also 
shown, giving further illustrations and 
data on this material, but due to the gen- 
eral interest and the number of questions 
asked, a number of slides were omitted in 
order that Mr. Loose could make train 
connections for his next engagement. 

The members were unanimous that the 
meeting was exceptionally interesting and 
instructive. 


LEHIGH VALLEY 


The regular monthly meeting of the 
Lehigh Valley Section of the AMERICAN 
WELDING Society was held on Monday, 
November Ist, at the Hotel Bethlehem, 
Bethlehem, Pa., with Chairman H. W. 
Lawson presiding. The subject for the 
evening was “‘Welding in Aircraft Pro- 
duction.’’ The speaker for the evening 
was P. H. Merriman who is Welding En- 
gineer of the Glenn L. Martin Co., Bal- 
timore, Md., and Chairman of the Eastern 
Division of the Aircraft Welding Research 
Committee. Mr. Merriman’s talk dealt 
with the design and manufacturing prob- 
lems in the application of a welding process 
to aircraft manufacture. The principal 
process talked about was aluminum alloy 
resistance welding which is spot welding 
in its most complicated and efficient 
form. The talk which covered the sub- 
ject completely from the design of the 
parts to the inspection of the finished prod- 
uct was illustrated by lantern slides. Mr. 
Merriman also presented a very interest- 
ing U. S. Navy sound film on the various 
welding processes used in aircraft con- 
struction. Preceding Mr. Merriman’s 
talk the General Electric sound film, ‘‘The 
Inside of an Atomic-Hydrogen Arc Weld- 
ing,’’ was shown. 

Mr. Lawson announced R. A. Pomfert 
of the Bethlehem Shipbuilding Corp. as 
the speaker for April 3, 1944. The subject 
will be ‘‘Welded Castings in Shipbuilding.”’ 
The subject for the Dec. 6, 1943, meeting 
was ‘‘Fabrication of Ships and Buildings,”’ 
and the speaker was LaMotte Grover of 
the Air Reduction Sales Co. The time of 
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the technical meeting remains 8:00 P.M. 


LOUISVILLE 


Mr. Bibber congratulated the Section 


but the time for the dinner has been , am on its splendid turnout and wit’ the aiq of NEW 
: changed from 6:30 P.M. to 6:45 P.M. The first meeting of the Louisville  jantern slides gave his accompany; Alth 
A Section was a dinner meeting in the Roof talk on “The elements of Welded Benen 
M LOS ANGELES Garden of the Brown Hotel, 6:45 P.M. There were questions asked by ane . 
¢ Tuesday, Oct. 26, 1943. Dinner was dience at the completion of the showin a aoe 
7 The October meeting of the Los Angeles served to approximately 350 members and the slides and Mr. Bibber gracious} bal vs ve 
‘ Section was held on the 21st, at which time guests. R. E. Fritsch, vice-president of swered questions and explained some hoa = b 
. the president of the Federal Welder and Tube Turns, acted as Master of Cere- lems. Prob- in t y 
7 Machine Co., Malcolm Clark, addressed monies. The technicolor film, “Steel, May’ ae 
, us on the subject of the future of resistance Mr. Hansen, retiring president of the Servant,” was then hates and the aa : 
welding. Mr. Clark made the trip from AMERICAN WELDING Society spoke briefly ence was appreciative. — i 
7 Warren, Ohio, especially to give our Sec- stating that a new Section of the AmErI- Meeting adjourned at close of picture cole 
a tion the benefit of his experience on the CAN WELDING Socrety had been born and 12 midnight. i 
; subject of resistance welding. if this meeting is any indication, is cer- _ 
" Present-day problems were only lightly tainly a ‘“‘lusty infant.”” To Ted Lewis and ome 
piss discussed and most of his talk concerned his splendid Executive Committee and MILWAUKEE = 
ce new and probable developments which we Board of Directors goes the credit for a = 
may expect in resistance welding in the wonderful accomplishment. 
future. Although some of his predictions Mr. Hansen briefly reviewed the history of The ‘Ta 
pt appeared to be a little fantastic, and were of the Society and summarized its activi- the 
wy acknowledged as so by him, it takes a ties. Mr. Hansen stated that for the suc- t th _o ' y pout range elding 
visionary such as Mr. Clark to predict and cess of a Section it is necessary to have Sertic + the Mil- NEW 
carry through that which appears logical good speakers that know their subject la 
but impossible. and are able to answer questions. It is © latest developments in Th 
ee He touched slightly on the subject of also essential to get up a good discussion er wee of ti 
far very high frequency and explained work at meetings and above all to have a cordial Mon 
ot that has already been done on frequencies atmosphere. MOBILE ing ‘ 
er as high as 960 cycles. It seems that the Mr. Hansen closed his remarks by stat- man 
2 use of higher frequency will greatly en- ing he wished to congratulate the Section Fede 
. hance the progress and provide new de- on the wonderful start made and to assure The following officers have been elected Ohio 
: velopments over a wider field for resist- Mr. Lewis and his Executive Committee by the Mobile Section: W. E. Ryan, Sp 
: ance welding. of the complete cooperation of the na- Chairman; J. E. M. Enroth, Vice-Chair Van 
One hundred and thirty-five guests and tional Society. man; W. E. Kelly, Secretary-Treasurer; son, 
4 members attended and we also showed a Leon Bibber, Welding Engineer, Car- W. D. Baugh, Chairman of the Membership Tithe 
a United States Navy film titled ‘A Photo- negie-Illinois Steel Corp., was introduced Committee; W. W. Tieman, Program Frec 
fe graphic Template.” by Mr. Fritsch. Director. cuss 
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NEW JERSEY 


Although “the weather was just short 
of hurricane proportions”’ on October 26th, 
there was a turnout of about 40 men at 
the meeting of the New Jersey Section, 
and their interest was more than sincere 
in the interesting program that was pre- 
sented. 

“Procedure Control and Design for 
Large Welded Structures” was presented 
by LaMotte Grover of the Air Reduction 
Sales Co. This was an illustrated dis- 
cussion of methods of control in produc- 
tion and details of design for large welded 
structures, to insure sound welds and to 
avoid serious shrinkage strains and dis- 
tortion. Some motion pictures were 
shown through the courtesy of the U. S. 
Steel Corp. 


NEW YORK 


The regular monthly technical meeting 
of the New York Section was held on 
Monday, October 11th, at the Engineer- 
ing Societies Building. Technical Chair- 
man for the evening was B. L. Wise, 
Federal Machine and Welder Co., Warren, 
Ohio 

Speaker for the evening was Alfred 
Vang, Chief Research Engineer, Steven- 
son, Jordan & Harrison, Inc., New York. 
Title of Mr. Vang’s address was “High 
Frequency Welding.” Mr. Vang dis- 
cussed bimetal welding, with special ref- 
erence to electric flash percussive welding 
employing high-frequency alternating con- 
denser discharge currents. Mr. Vang pre- 
sented a live demonstration of resistance 
welding using high-frequency currents. 

Following Mr. Vang’s talk, a motion 
picture entitled ‘Only an Informed Amer- 
ica Can Be an Invincible America” was 
shown through the courtesy of the Socony 
Vacuum Oil Co., Inc., New York. 

The evening opened with a half-hour 
question and answer period conducted by 
R. E. Bedworth, Welding Engineer, 
Westinghouse Electric and Manufacturing 
Co., New York. 


NORTHWEST 


G. N. Sieger, President and General 
Manager, S-M-S Corp., Detroit, presented 
an interesting discussion on ‘Resistance 
Welding” at the October 21st meeting of 
the Northwest Section. 

The meetings and speakers scheduled 
for the remainder of the season are: 

December 15th—‘‘Pressure Piping,” 
F. C. Fantz, Vice-President, Midwest 
Piping & Supply Co., St. Louis. 

January 18th—‘Railroad Welding,” 
F. C. Hasse, General Manager, the Ox- 
weld Railroad Service Co., Chicago. 

February 16—‘Structural Welding with 
Tubular Sections,”” H. S. Card, Formed 
Steel Tube Institute, Cleveland. 

March 23—‘Resistance Welding,” B. 
L. Wise, Assistant Manager, Welder 
Machine Division, The Federal Machine & 
Welder Co., Warren, Ohio. 

April 19—‘Procedure Control and De- 
tails of Design for Welded Ships,’ La- 
Motte Grover, Welding Engineer, Air 
Reduction Sales Co., New York. 

May 18th—Annual Meeting. 


1943 


OKLAHOMA CITY 


The October meeting of the Oklahoma 
City Section was held on October 14th, 
in Parlor A, Biltmore Hotel, Oklahoma 
City. The meeting was divided into two 
portions, the first being a sound movie, 
“Unfinished Rainbows,” by the Alumi- 
num Co. of America. This was a very 
good film and was enjoyed by all present 

The main talk of the evening was given 
by Professor Frank P. Vance, Asst. Pro- 
fessor of Chemical Engineering, Univer- 
sity of Oklahoma. His subject was “‘A 
Laymans View of the Production of Syn- 
thetic Rubber.”” This proved to be a most 
interesting paper and was easily under- 
stood by all, since Professor Vance had 
arranged his material to eliminate, as far 
as possible, chemical formulas, molecular 
structures, etc. He did, however, offer 
to any of those who were interested, to 
cover this phase of the subject after his 
main talk was finished. The type of 
equipment necessary to produce synthetic 
rubber being almost wholly of oil refineries 
type, was more or less familiar to many 
of the members, since our Section is lo- 
cated in a part of the country in which 
this type of equipment is common. The 
meeting was well attended, some were 
prospective members, and there were also 
a number of visitors from Oklahoma City 
Air Depot and the Douglas Aircraft Fac- 
tory. 


PHILADELPHIA 


The following is a tentative program 
of meetings of the Philadelphia Section for 
the next few months: 

December 20th—‘Welding in Ship 
Construction.”” Joint Meeting with the 
Society of Naval Architects and Marine 
Engineers. Will be held at The Edison 
Building, 10th and Sansom Sts. J. Lyell 
Wilson, Assistant Chief Surveyor, Ameri- 
can Bureau of Shipping, speaker. 

January 17th—‘‘Thermit Welding,” J. 
H. Deppeler, Chief Engineer and Works 
Manager, Metal & Thermit Corp., will 
speak on this subject. 

February 21st—‘‘Welding Developments 
in the Wartime Automotive Industry.” 


PITTSBURGH 


The following are the meetings sched- 
uled for the next few months. 

January 19th—‘‘Welding in Shipbuild- 
ing,’’ LaMotte Grover, Welding Engineer, 
Air Reduction Sales Co., New York. 

February 16th—‘‘Metallurgy of Gas 
Welding,”’ H. R. Morrison, Engineer, The 
Linde Air Products Co., New York. 

March 15th—‘‘The Spotweldability of 
Low Carbon and Other Aircraft Steels,” 
Leon C. Bibber, Welding Engineer, 
Carnegie-Illinois Steel Corp., Pittsburgh. 

April 28th—Seventh Annual Tri-State 
Convention, “Fundamentals of Welding,” 
Principal Speaker, Roy W. Emerson, 
Metallurgist, Pittsburgh Piping & Equip- 
ment Co., Pittsburgh. 


PUGET SOUND 


The second fall meeting of the Puget 
Sound Section was held on October 28th 
at the Gowman Hotel, Seattle. Clinton 


SECTION ACTIVITIES 


E. Swift, Mechanical Engineer now asso- 
ciated with N. C. Jannsen Drilling Co. of 
Seattle, was the speaker of the evening. 
Mr. Swift spoke on ““The Welding of Cop- 
per Alloys.” 

New officers installed at this meeting 
were: Chairman, M. Q. Cellers; Vice- 
Chairman, F. H. Berry; Secretary-Treas- 
urer, G. L. Tepley. 


ROCHESTER 


The regular monthly meeting of the 
Rochester Section was held on November 
4th. The meeting was preceded by a 
dinner at the Rush Rhees Library Cafe- 
teria, University of Rochester, River 
Campus. The speaker of the evening was 
Mario Sciaky of Sciaky Brothers. Mr. 
Sciaky spoke on “Resistance Welding of 
Heavy Gages of Aluminum Alloys.” 


ST. LOUIS 


The October meeting of the St. Louis 
Section was held on the 8th. R. G. Haw- 
ley of the Link-Belt Ordnance Co., spoke 
on Training of Welding Operators.” 
Mr. Hawley and the treatment of his sub- 
ject were received most enthusiastically 
by the 185 members and guests of the Sec- 
tion who attended the meeting. 


SOUTH TEXAS 


The South Texas Section held its first 
mceting at the Houston Engineers’ Club, 
2615 Fannin, Houston, Texas, September 
30th. Mr. Hurd, Gulf Oil Corp., started 
the meeting with motion pictures of tarpon 
fishing, sail fishing, trout fishing in Alaska, 
game hunting and feeding geese in Texas. 

Mr. Hudson, the new chairman, opened 
the meeting and called for committee re- 
ports. Mr. Jackson, on behalf of the 
Technical Committee, reported that they 
would spend a little time each meeting 
summarizing important articles and taking 
up questions the members may have. 
Mr. Courtright, of the program committee, 
announced that welding clinics would be 
held every so often on up-to-date methods 
of welding. 

Ken Campbell, Sheffield Steel Corp., 
gave a very interesting talk on ‘Making 
and Processing a 100-Ton Heat of Weld 
Rod Steel.”” Mr. Campbell is Works 
Metallurgist for the Sheffield Steel Corp 
in Houston. 

Mr. George Stone, Detroit Section, gave 
a short, interesting talk about meetings in 
Detroit. 


SYRACUSE 


At a meeting held on October 7th the 
following officers were elected by the 


newly organized Syracuse Section: Chair- 
man, J. Kielb, Easy Washer Co.; Vice- 
Chairman, J. Roscoe, Lincoln Electric 
Co.; Secretary, J. Hotchkiss, Bentley 
Weldery Inc.; Treasurer, A. Cassell, 
Smith & Caffrey Co. 


WASHINGTON, D.C. 


The following officers have been elected 
by the Washington, D. C., Section for the 
Chairman, H. L. Ingram; Vice- 


year: 


1071 


4 


—then he said to himself 
“We are every one Croesus’ 


SING those words, Multi- Job 

Ickes writes a magazine ar- 

ticle to allay all fears of a terrible 
tax future. 


He proves that America is worth 
12 trillion dollars—which neatly 
offsets our 150 billion debt (todate). 


The astronomical figure is 
reached by computing all the iron, 
coal, oil, etc., in the ground and 
forests. 


—all our natural resources. 


All we have to do to pocket it 
is to ‘‘Maintain the freedom 
Americans have enjoyed.”’ 


Of course, his inner self tells 
him that wealth in the ground is 
not the pocketable kind... 


That it cannot become real 
wealth until it is worked—until 
the profit motive is applied—until 
the profit is secured. 
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Bridges (Case History) 


The public hears only about the spectacular big bridges. 
But in 1940 and ’41 about $30,000,000 was spent on 40’ to 
80’ bridges. A bridge engineer has written an article, “Steel 
and Concrete Bridges Compared” showing how nearly 
$3,000,000 can be saved annually on such bridges by re- 
course to Arc Welding. 


Aircraft (Case History) 


Research now has developed a successful method of arc 
welding magnesium alloys, recourse to which shoots into 
terrific potentials. On the all-wing plane (on the way) the 
difference in drag between the conventional riveted airfoil 
and the low-drag arc welded magnesium wing is estimated 
at 50% . . . saving 20 cents per ton-mile—or $1,875,000 over 
the life of the plane—or $750,000,000 on a 400-ship fleet. 


Earthmoving Machines (Case History) 


Recourse to Arc Welding made possible the design of a 
wheel-type tractor unit at a yearly production saving of 
$348,000 over conventional construction. Use of 600 units 
of this type of equipment on hauls of 5000 feet saves $10,- 
764,000 annually over conventional earth-moving equipment 
and methods. 


Watercraft (Case History) 


Arc Welding in ship construction saves time and steel (about 
10%-20%). But that’s only the beginning. Recourse to 
Arc Welding also cuts costs in other ways. By eliminating 
bumpy rivet heads, it makes it easier to insulate the ship 
. . . to cover the deck . . . to run the piping . . . dozens of 
refinements. Such items aggregate yearly savings of about 
$600,000,000 according to one authority. 


Someone could well write a magazine article proving a potential 
of WELD WEALTH equal to the national debt. 


But there again the money is not pocketable until ARC WELD- 
ING is used . . . until the article is read and acted upon. 


Even now the press is full of articles showing the money value 
of arc welding. Not all the people who should read them do read 
them. Which makes one feel that there is little difference between 
a man who cannot read and one who does not. 


THE LINCOLN ELECTRIC COMPANY, CLEVELAND, OHIO 
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Chairman, B. J. Brugge; Treasurer, Rob- 
ert F. Wood; Secreiary, G. G. Luther. 

The first meeting of the 1943-44 session 
of the Washington Chapter held on Oc- 
tober 26th in the Pepco Auditorium was 
opened at 8:00 P.M. by Chairman Harry 
L. Ingram, who welcomed a large group 
of members and guests. 

A moving picture ‘‘Destination Island 
X,”’ explained the activities of the ‘‘Sea- 
bees” and described the vigorous training 
of this branch of the Navy which was es- 
tablished immediately after the attack on 
Pearl Harbor. Lieutenant-Commander 
J. A. McHenry further described the es- 
capades of this stalwart service arm and in 
able fashion welded a sound picture in the 
minds of his audience concerning the 
merits of these construction battalions. 
Another moving picture showing the at- 
tack on Pearl Harbor was unreeled. For 
those who had not previously seen the 
film, the events were more than historical. 

An interesting discussion followed Com- 
mander McHenry’s talk and a number of 
technical facts, with obvious regard to 
security of Navy operations, were ex- 
plained by the speaker. 


WESTERN MASSACHUSETTS 


Announcement was made of a program 
addition in the form of a prize competition 
for technical papers presented by the mem- 
bers. The writer of the best paper pre- 
sented before December 20th, will receive 
acopy of the A.W.S. Handbook or its equiv- 
alent in war stamps. To promote further 
active participation in the program by all 
members, a new name tag will be given to 
each person in attendance at the monthly 
meetings with provisions for his sugges- 
tions or questions on the back of the card. 
These cards are to be collected at the end 
of the meetings and action on the propo- 
sals or questions will be arranged by the 
program committee. 

Closing the business meeting, the chair- 
man, Mr. Emery, proceeded to the intro- 
duction of the writer of the first technical 
paper from the section, namely, Henry 
Fordyce of the Worthington Corp. Mr. 
Fordyce spoke on the design of T-joints 
in steel plate for good penetration and 
economy. The talk was accompanied by 
several interesting etched cross sections 
and photographs to elucidate some of the 
points covered by this interesting discus- 
sion. 

Mr. Emery then introduced Henry P. 
Langston, assistant chief metallurgist of 
the Springfield Arsenal, who presented a 
talk on ‘‘Welding Operations at the Spring- 
field Arsenal.” Illustrated by many ex- 
amples in the form of welded samples, Mr. 
Langston pointed out both the production 
and maintenance welding problems en- 
countered at the Arsenal with discussion 
of how time and critical materials are be- 
ing saved by the use of welding and its 
many forms. 


WESTERN NEW YORK 


The first meeting of the year was held 
by the Western New York Section on 
Friday evening, September 24th, with 
our usual combined dinner and business 
meeting. 


1074 


The speaker of the evening, R. F. Wyer 
of the General Electric Co., gave an ex- 
tremely interesting and well-attended dis- 
cussion on the ‘Inside of Atomic Hydro- 
gen Welding.’’ C. H. Brown of the Ameri- 
can Bureau of Shipping has recently been 
appointed a Director of this section. 

Preparations are being made by the 
Officers and Directors for this section’s 
participation in the WPB conference to be 
held in December under the auspices of the 
local Engineering Societies. 

The October meeting of the Western 
New York Section of this SocreTy was 
held Friday evening, October 29th, at the 
Markeen Hotel. Our usual dinner meeting 
was followed by an extremely interesting 
business meeting where the main speaker 
was Everett C. Gosnell, Chemical En- 
gineer with Lukens Steel Co., Coatesville, 
Pa. Mr. Gosnell spoke on “Lukens Clad 
Steel Manufacture and Welding of Same.” 

This talk was illustrated with motion 
pictures showing the process involved and 
we can well recommend these pictures for 
use in other Sections. 


WICHITA 


Regular meeting was held at 8 P.M., 
Oct. 13, 1943, in the Ball Room at the 
Allis Hotel. The members of the Ameri- 
can Society of Metals were the guests of 
the Wichita Section. Including our mem- 
bers and guests a total of 230 attended the 
meeting. 

The speaker was C. D. Havens of the 
Magnaflux Corp. He gave a very inter- 
esting talk on “Magnaflux and Zyglo.”’ 
Nearly everyone present had problems and 
questions regarding Magnaflux which 
made the discussion interesting. 

At 8 P.M. Wednesday, Oct. 27, 1943, 
the Wichita Section of the AMERICAN 
WELDING Socrety held a joint meeting 
with the American Society for Metals in 
the Ball Room of the Allis Hotel. 

The purpose of the meeting was to hear 
reports brought back by members of both 
organizations who attended the National 
Convention held in Chicago the week of 
October 18th. 

The following gave reports on some of 
the discussions which they attended at 
the National Corvention: R. L. Town- 
send, E. A. Bussard, Ray Newkirk, Clif- 
ford Cargile and M. A. Chester. 

About 100 members attended the meet- 
ing. The meeting adjourned at 10:00 
P.M. 

M. A. Barrett, chairman, Wichita Sec- 
tion of A.W.S. and M. A. Chester, chair- 
man of Wichita Section of A.S.M., pre- 
sided at this meeting. 


YORK-CENTRAL PENNSYLVANIA 


The York-Central Section of the 
AMERICAN WELDING Soctrety, turned out 
September 8th with an attendance of 80 
members and 25 guests for an enthusiastic 
first meeting of the 1943-44 season. Lieu- 
tenant-Commander O. R. Southerland of 
the U. S. Navy Yards in Philadelphia was 
the guest speaker. He is a graduate of 
the U. S. Naval Academy at Annapolis 
and the Missouri School of Mines and is 
now serving as a laboratory officer at the 
U. S. Naval Yards. He discussed Speci- 
fications—their theory, preparation and 
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use. During his talk on the History of 
Naval Welding and present developments 
in the field as well as the lively question 
and answer period that followed, the Lieu. 
tenant-Commander proved his expert 
knowledge of welding and electrodes. 

Another outstanding feature of the 
evening was an exhibit of an 81-mm,. Motor 
base, composed of 25 parts with an as. 
sembler demonstrating the speed in Which 
these parts are assembled and welded. : 

The cooperation of the A. B. Farquhar 
Co., made possible this exhibit as wel] a 
the assembly and welding fixtures. Ex. 
hibits of all types and of interest wil] beg 
feature of all future meetings. 

Officers to serve for the 1943-44 season 
are as follows: E. E. Rouscher, Chairmgy: 
Vincent Risley, Vice-Chairman; ¢. E 
Lewis Kerchner, Secretary; Charles Allen 
Treasurer. 


Elmer E. Rouscher 


U 

A. E. Rouscher, the new chairman, has cau 
held the position as Superintendent of the hur 
Boiler and Plate Shop of the A. B. Far- one 
quhar Co., Ltd., York, Pa., for the past } 
38 years and with his knowledge of welding pos 
problems and his crew of trained opers- wel 
tors has been one of the factors in earning pat 
the coveted Army-Navy “E” award for ee 


his new company. Under the new officers 
and directors a banner year is assured. 

Plans are in the making for a meeting t« 
be known as York-Central Night in which 
it is hoped that all industries and thos 
interested in welding will attend or make 
an exhibit. The aim is to exchange ideas 
to aid in furthering the defense program. 

The Society wishes to call attention 
the outstanding performance of Mr. Paul 
Lang of the Arc-way Equipment Co. an¢ 
his membership committee in bringié 
into the Socrety 68 new and renews 
members. 

The York-Central Section cordially ™ 
vites an interchange of ideas and sugg’* 
tions from all other sections concerning 
welding problems and techniques. 

The October meeting was held Wednes 
day night, October 13th, at the Engineer 
ing Society building in York, with an 4 
tendance of over 100 members and guests. 
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U-S-S Rolled Steels for Welding include: 


U-S’S High Tensile Steels to resist corrosion 


and increase strength without adding weight. 


U-S-S Copper Steels to give twice the atmos- 
pheric corrosion resistance of regular steel 
at little additional cost. 


Abrasion-Resisting Steel to combat 


wear and friction. 


U-S-S Stainless and Heat-Resisting Steels to 


assure high resistance to corrosion and heat, 


ei cif tra have certainly This kind of speedy construction and to reduce weight. 


J speeded up construction since was anticipated by the men who U-S*S Carilloy Alloy Steels — Special steels 
U-S-S Steel first applied pre-fabri- developed U-S-S Rolled Steels for for the special jobs of industry. 
rman, has Cation to ship-building. A sixteen Welding. Our metallurgical engineers U-S*S Hot-Rolled and Cold-Rolled Steels to 
ht d d b h y d ral ds f 1] f st provide the basic advantages of steel, plus 
ent of the in re ton wars Ip 1s now ullt in ave deve ope a Tull range of stee maximum economy in accordance with the 
\. B. Far B) one-third the time it took in 1918. products which meet all the new re- requirements of each job. 
st peat | Now, they are using special pur- quirements of modern construction. 
of welding pose steels, with pre-determined Our research engineers—by contin- 
var welding characteristics. Now, many —_— uous experiments and tests—have —1y.5.¢ Rolled Steels for Weldin 
ard for We Parts of the superstructure, deck determined the most successful meth- , precy? g- 
award for i ’, We are the world’s largest pro- 
fi | houses, bulkheads, and other instal- ods for welding every type of steel. ‘ 
ew offices ducers of rolled steel. Our technical 
assured. [Jp ‘ations — large sections of the hull In all kinds of construction and staff will be glad to help you with 
neeting to 'tself—are assembled complete. Now, fabrication jobs, the work is being Poses Take ad 
t in which Je the flexibility of modern welding done more efficiently, more economi- vantage a this consulting aaetine 
and makes it possible to fit the heavy cally—more speedily—when all the Write today obligation. 
or pre parts together, to join them into a improvements in welding technique 
oan big, able ship—handily and speedily. are given full play by the use of Steel needs more scrap NOW... Send it in! 


tention to 


U°S*S ROLLED STEELS FOR WELDING 


bringing 
| renewal Ii CARNEGIE-ILLINOIS STEEL CORPORATION, Pittsburgh and Chicago 
dially in- | COLUMBIA STEEL COMPANY, San Francisco 


TENNESSEE COAL, IRON & RAILROAD COMPANY, Birmingham 
United States Steel Supply Company, Chicago, Warehouse Distributors 
United States Steel Export Company, New York 
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d guests. 
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4 
STATES STEEL 
ADVERTISING 


BOSTON 


Anderson, Godfrey (C), 14 Autumn St., 
Boston, Mass. 

Anderson, Raymond C. (C), Welding 
Engrg., Sales Corp., 89 Broad St., Bos- 
ton, Mass. 

St. John, Joseph (D), 11 Georgia Rd., S. 
Weymouth, Mass. 

Smith, Alexander (C), 112 Hobart St., 
East Braintree, Mass. 


CANADA 


Foster, Harold (B), Canadian G. E. Co., 
Ltd., Peterborough, Ont., Canada. 


CHICAGO 


Briggs, Fred (C), 2225 Market St., Blue 
Island, Il. 

Comiskey, Hugh L. (B), National Cylinder 
Gas Co., 205 W. Wacker Dr., Chicago, 
Ill. 

Johnson, Norman E. (B), 8253 S. Ellis Ave., 
Chicago, Ill. 

Kirby, Wm. (C), 3138 Clifton Ave., Chi- 
cago, Ill. 

Kirchberg, Ed. (B), 908 Leonard Parkway, 
Crystal Lake, Ill. 

Krause, George A. (C), 55th & Joliet Rd., 

Electro-Motive Div. of G.M., La 

Grange, 


The speaker of the evening was O. P. 
Pearre, welding specialist of the General 
Electric Co. His subject was ‘‘Atomic- 
Hydrogen Are Welding.”’ He discussed 
this in detail and described its increasing 
use in the welding of alloys. 

There was a full color and sound picture 
shown, entitled ‘‘The Inside of Atomic- 
Hydrogen Arc Welding.”” This was a 
training film and covered the fundamen- 
tals and an exact detail of the Atomic- 
Hydrogen Welding Process. 

As usual, in the York-Central Section, a 
lively session of questions and answers 
followed the speaker’s address and the 
showing of the film. 


ANNUAL MEETING PAPERS 


The National Program Committee in- 
vites suggestions for papers to be pre- 
sented at the Annual Meeting to be held 
in Cleveland October 16-19, 1944. 


List of New Members 


October 1 to October 31, 1943 


Lackowski, Frank (C), 1437 W. Henderson 
St., Chicago, Ill. 

Otto, Carl L., Jr. (B), 1000 W. Loyold 
Ave., Chicago, 

Poletta, Emillio T. (B), 2121 Church St., 
Evanston, IIl. 

Ross, M. (C), 15131 Loomis Ave., Har- 
vey, Ill. 

Sennebogen, Frank X. (C), 4917 Berteau 
Ave., Chicago, III. 

Stafford, R. T. (B), Joseph T. Ryerson & 
Son, Inc., Corner 16th & Rockwell Sts., 
Chicago, 

Toll, H. Robert (B), 3352 No. Kilbourne, 
Chicago, IIl. 

Vroman, Louis J. (B), 7300 S. Carpenter, 
Chicago, Ill. 

Weis, Emil E. (C), 1719 E. 67th St., 
Chicago, Ill. 

Wilson, John T. (B), John Mohr & Sons, 

3200 E. 96th St., Chicago 17, II. 


CINCINNATI 


Cox, Frank H. (C), Hobart Welding Trade 
School, Hobart Square, Casstown, Ohio. 

Dupps, John A. (C), John J. Dupps Co., 
408 American Bldg., Cincinnati, Ohio. 

Mundhenk, Louis (B), 1411 Superior Ave., 
Dayton, Ohio. 

Rehse, Frank H. (B), 4 Shoop Ave., Apt. 3, 

Dayton, Ohio. 


Employment 


Service Bulletin 
SERVICES AVAILABLE 


A-461. Welding Engineer-Superyis,, 
Years of practical experience, specializing 
in Fusion Welding and Cutting. Ay, 
able soon. 

A-463. Welding expert, 10 years’ e 
perience in repair and production work 
on steel and all metals, desires supe, 
visor or foreman position. 

A-464. Welding Engineer. 12 yea; 
aircraft production experience, design and 
production processing in electric arc, oxy. 
acetylene, oxy-hydrogen, atomic hydrogen 
resistance welding. Considerable exper; 
ence in redesign for welding. Desire 
position along eastern seaboard, close 4, 
water. Salary secondary to pleasan 
working conditions. Inquiries wil] no 
be answered unless from bona fide com 
pany willing to sign at least a five-yea 
contract. 


CLEVELAND 


Bauman, Robert H. (C), 4210 Memphis 
Ave., Cleveland, Ohio. 

Belicka, George, Jr. (C), 17913 Hillgrov 
Rd., Cleveland, Ohio. 

Bornemann, Arnold G. (C), R. D. 3 
Jackson St., Painesville, Ohio. 

Bornemann, Otto J. (C), Harmondak 
Dr., Willoughby, Ohio. 

Brainard, William E. (C), P. O. Box 3% 
Station D, Cleveland, Ohio. 

Garee, Sameul A. (C), Gashe at High St 
Wooster, Ohio. 

Gledhill, William (C), Box 234, Galion, 
Ohio. 

Johnson, Ruel T. (C), Gashe at High St 
Wooster, Ohio. 

Padavick, Matt (B), 1370 E. 170th St 
Cleveland, Ohio. 

Rose, Melvin M. (C), Rose Iron Wks. 
1536 E. 43rd, Cleveland 3, Ohio. 

Stern, Allan P. (C), Colonial Iron Wks 
Co., 17643 St. Clair Ave., Cleveland 
Ohio. 

Yivisaker, Lenvik (B), American Ship 
bidg. Co., 1410 Terminal Tower, Cleve 
land, Ohio. 


COLUMBUS 


Dethloff, John F. (C), 1383 Eastview Ave 
Columbus, Ohio. 


EUTECTIC*LOW TEMPERATURE 
THE NEW PROCESS — IDEAL FOR REPAIRS & RECLAMATION ON CAST IRON 


WELDING 


NO. 14 -- GAS WELDING NO. 248 -- AC-DC METALLIC ARC 
Machinable + Color Matching + No Stresses + No Distortion 


AVAILABLE ON PRIORITY A-9 I 
Write for Welding Data Book E #Reg. U. S. Pat. Off. th 
EUTECTIC WELDING ALLOYS COMPANY 40 WORTH STREET NEW YORK 
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Frostrode” built by Coolers 


about 


ZERO-WELDING 


with Frostrode 


and Frostpoints 


“. . . 100% to 150% more aw between Dressings with Fros- 
trode...” 


|. . Increased output to as high as a 3 to 1 ratio. . . 


. . 4 times as many welds between tip dressings . . .' 


Number of good welds between dressings increased 200% to 
300%...” 


. Gain of 50 to 100% for Frostpoints alone . . 


‘. . . Increase in number of spots between dressings of as much as 
10 to 15 times with BOTH Frostrode and Frostpoints . . .”’ 


‘* . . 5000 spots obtained between dressings with Frostroded Frost- 
points...” 


. . « Total number of spots per month increased by 15%... 


. . . Zero-welding made possible welding of some jobs on a pro- 
duction basis impossible with no mal cooling . . .” 


Quotations are from an independent technical survey. For a copy of 
this, ask for Report #S-44 


FROSTRODE System, Bulletin No. F-43 
FROSTPOINTS, Bulletin No. P-43 


FROSTRODE PRODUCTS 


Coolant Originators of 


welding engineers for Refrigerated Welding 
4 the welding industry — “Frostcaps” are replaced 
| A model forevery need. 19003 JOHN R. ST. . . . DETROIT 3, U. S. A. as easy as this. 
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Ross, Walter W. (F), 15 E. 14th Ave. 
Columbus, Ohio. 


DETROIT 


Ballard, Edward A. (C), Taylor & Gaskin, 
Inc., 3105 Beaufait Ave., Detroit, 
Mich. 

Bolam, Ross (C), Taylor & Gaskin, Inc., 
3105 Beaufait Ave., Detroit, Mich. 

Brown, Carroll (C), Welding Gas & 
Equipment, 3721 Cadillac, Detroit, 
Mich. 

Cassesi, John (C), Taylor & Gaskin, 
Inc., 3105 Beaufait Ave., Detroit, 
Mich. 

Cetrone, Edmond (C), 18645 Greeley, De- 
troit, Mich. 

Collom, Cletus J. (B), Weltronic Co., 20735 
Grand River, Detroit, Mich. 

— Jules (C), 8478 Paige, Van Dyke, 


ich. 

Daniel, Carl A. (C), Taylor & Gaskin, 
Inc., 3105 Beaufait Ave., Detroit, 
Mich. 

Dobbs, Louis (C), Taylor & Gaskin, 
Inc., 3105 Beaufait Ave., Detroit, 
Mich. 

Donnelly, Thomas S. (A), Detroit Elec- 
trode Holder Mfg. Co., 3437 Book Bldg., 
Detroit, Mich. 

Dziobak, Stephen (B), 11100 Wahrman, 
Romulus, Mich. 

Fullenwider, Allan C., Jr. (C), 17694 
Albion, Detroit 5, Mich. 

Geyman, James (B), 22611 Downing Ave., 
St. Clair Shores, Mich. 

Geyman, Lawrence A. (B), 447 Moross 
Rd., Grosse Pointe Farms, Mich. 

Kuykendall, Monique N. (B), Insurance 
Exchange Bldg., 153 E. Elizabeth, 
Detroit, Mich. 

Lindsay, E. C. (B), 3208 Montgomery, 
Detroit, Mich. 

Plivelich, Albert (C), Taylor & Gaskin, 
Inc., 3105 Beaufait Ave., Detroit, 
Mich. 

Rehbine, C. F. (C), 1525 E. McNichols 
Rd., Detroit 3, Mich. 

Renzi, Amelio (C), Taylor & Gaskin, Inc., 
3105 Beaufait Ave., Detroit, Mich. 

Richard, Florian (C), Taylor & Gaskin, 
Inc., 3105 Beaufait Ave., Detroit, 
Mich. 

Spanich, J. I. (B), 3268 Bellevue Ave., 
Detroit, Mich. 

Sprenkle, Joseph W. (C), 31712 Eastern 
Dr., St. Clair Shores, Mich. 

Streich, Herman (C), 6626 Steadman, 
Dearborn, Mich. 

Wolfe, Erwin (C), 19735 Eastwood Dr., 
Detroit 24, Mich. 

Zanichelli, Joe (C), 8807 Avis, Detroit, 
Mich. 


INDIANA 


Hollingsworth, Robert (C), 964 N. Gray 
St., Indianapolis, Ind. 


LAKE SHORE 


Bjork, Walter E. (C), 192'/, Parkway, 
Oshkosh, Wis. 


LEHIGH VALLEY 


Brunstetter, C. Homer (C), Sixth Street, 
Morris Park, Phillipsburg, N. J. 

David, Earl W. (B), Heilman Boiler Wks., 
132 Linden St., Allentown, Pa. 

Matthews, William E. (C), 9 Taylor St., 
Washington, N. J. 

Paul, James H. (C), 344 Hudson St., 
Phillipsburg, N. J. 

Swift, Lesile E. (C), Macada Road— 
R. 2, Bethlehem, Pa. 

Werkheiser, Arlington H. (C), Worthing- 

ton Mower Co., Stroudsburg, Pa. 
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LOS ANGELES 


Abbott, M. P. (C), 1912 Arlington St., 
Torrance, Calif. 

Barker, George O. (C), 10006 Otis Ave., 
South Gate, Calif. 

Bini, Gismondo (C), 903A Stanley Ave., 
Long Beach 4, Calif. 

Bradford, Lyle (C), 25344 Pennsylvania 
Ave., Lomita, Calif. 

Brown, Arthur H. (C), 121 Gallatin 
School House Rd., Downey, Calif. 

Carter, J. P. (C), 619 Rose Ave., Comp- 
ton, Calif. 

Combs, Eugene M. (C), 1410 W. 99th 
St., Los Angeles, Calif. 

Cooper, C. B. (C), McKay Company, 125 
S. Santa Fe. Ave., Los Angeles 12, Calif. 

Coshow, E. L. (C), 10204 So. Gramercy 
Pl., Los Angeles, Calif. 

Dotson, L. C. (C), 156 W. 67th Way, 
North Long Beach, Calif. 

Downey, C. W. (C), 2246 Adriatic Ave., 
Long Beach, Calif. 

Eastman, L. E. (C), 425 Irving St., Glen- 
dale, Calif. 

Foster, Charles R. (C), 492 Platt, Long 
Beach, Calif. 

Fritz, Clyde W. (C), 3979 Platt Ave., 
Lynwood, Calif. 

Fritz, E. W. (C), 5725 Fostoria, Bell 
Gardens, Calif. 

Garr, W. Frank (C), 1026 Russell St., 
Garden Grove, Calif. 

Groomer, Paul L. (C), 500 Atchison St. 
Pasadena, Calif. 

Hart, Roy E. (C), 2551 Fidel Ave., Nor- 
walk, Calif. 

Heath, W. C. (C), Solar Aircraft Co., 1212 
W. Juniper St., San Diego, Calif. 

Hottel, G. H. (C), 1345 W. 58th P1., 
Los Angeles, Calif. 

Johnson, C. E. (C), 1316 Estrela Ave., Los 
Angeles, Calif. 

Kaylor, Stanley H. (C), 152 W. Beverly 
Blvd., Pico, Calif. 

Kizer, f G. (C), 3830 Lilita St., Lynwood, 
Calif. 

Lindberg, Joseph C. (C), 2183 Baltic Ave., 
Long Beach, Calif. 

Lintvedt, Halvard (C), 4801 East 50th St. 
Vernon, Calif. 

Luter, James G. (C), 910 Carnelian St., 
Redondo Beach, Calif. 

Mauer, L. J. (C), 435 North Neptune, 
Wilmington, Calif. 

Metsker, F. R. (C), 24240 Neece Ave. 
P. O. Box 94, Walteria, Calif. 

Mcllroy, Rufus B. (C), 1119 W. 16l1st 
St., Gardena. Calif. 

O’Brien, J. W. (C), National Cylinder 
Gas Co., 4950 Santa Fe Ave., Los 
Angeles, Calif. 

Page, Franklin, Jr. (C), 1972 Frankfort 
St., San Diego 1, Calif. 

Pennington, P. Geo. (C), 5005 Chesley 
Ave., Los Angeles, Calif. 

Powell, Ray R. (C), 9415 Kauffman Ave., 
South Gate, Calif. 

Reutzel, L. O. (C), 1531 N. Banning, 
Wilmington, Calif. 

Roberts, J. B. (C), 2870 Baltic Ave., 
Long Beach 6, Calif. 

Ross, John B. (B), Handy & Harman, 
Rm. 748, 1206 Maple Ave., Los Angeles, 
Calif. 

Sanford, C. M. (C), 9734 San Luis Ave., 
South Gate, Calif. 

Snow, William H. (C), 1933 Crenshaw 
Blvd., Los Angeles, Calif. 

Tonkin, K. H. (C), 5969 Amos St., Bell- 
flower, Calif. 

Triplett, J. H. (C), 629 Castelgate, Comp- 
ton, Calif. 


MARYLAND 


Earlbeck, A. C. (C), T. A. Canty, Inc., 
1023 Cathedral St., Baltimore 1, Md. 


THE WELDING JOURNAL 


Herbert, Henry N. (C), 4104 wy 
Ave., Baltimore, Md. 

Sibley, R. L. (C), Greenspring Ay, 
Lutherville, Md. 

Taylor, Frederick Z. (C), Hill Ave 
R. F. D. 6, Towson 4, Md. 7 


Oravig 


MILWAUKEE 


Leitzke, Gordon J. (C), 5539 No. 34th y 
Milwaukee, Wis. 


MOBILE 


Guest, William R. (C), % Ingalls Ship. 
bldg. Corp., P. O. Box 149, Pascagouls 
Miss. 

Holmes, W. F. (C), 2455 Richard Aye. 
Mobile, Ala. 

Mair, Alexander (C), 211 Second &. 
Chickasaw, Ala. 

McLeod, H. B. (B), Admiral Semmes, 
Mobile, Ala. 

Murphy, John David (B), 117 S. Fulton 
St., Mobile 18, Ala. 

Remanjon, Arthur Der. (B), 14 S. Hath. 
away Rd., Spring Hill, Ala. 

Smising, F. W. (C), Spring Hill, Mobil 
County, Ala. 

Smith, Louis S. (B), 404 South Wes 
Blvd., Chickasaw, Ala. 


NEW JERSEY 


Castro, H. Edward (C), 388 Maitland 
Ave., Teaneck, N. J. 

Dutton, Frederick O. (B), 686 Freling. 
huysen Ave., Newark, N. J. 


NEW YORK 


Aldrich, Henry E. (B), Amer. Boiler & 
Affiliated Ind., 15 Park Row, New 
York 17, N. Y. 

Cahill, John L. (C), Bldg. 269, U. S. Navy 
Yard, New York, N. Y. 

Gardiner, Joseph Edmund (D), 31 DuBois 
St., Newburgh, N. Y. 

Garner, Robert V. (C), Harold J. Ryan, 
Inc., 101 Park Ave., New York 17 
N. Y. 

Levington, Zusse (B), “% F. R. Harris 
Inc., 27 William St., New York, N.Y. 


NORTHERN NEW YORK 


Packard, David S. (C), 30 Union Ave, 
Schenectady 8, N. Y. 
Wolfe, Harry C. (C), R. D. 2, Scotia, N.Y 


NORTHWEST 


Bayard, John F. (C), Foot 13th Ave. W.& 
Railroad St., Dvluth, Minn. 

Beckvall, Marvin (C) ,3909—44th Ave. So, 
Minneapolis 6, Minn. 

Brown, Walter V. (A), Brown Steel Tank 
Corp., 2901—4th St., S. E., Minneapo- 
lis, Minn. 

Chute, Curtis (C), Route 3, Wayzate 


Minn. 
Comee, F. T. (C), National Bushing & 
Parts Co., 1225 Harmon PIl., Minne 
apolis, Minn. 
Larson, Thor (C), Cargill, Inc., Shipbidg 
Division, Savage, Minn. 

Olson, Richard V. (C), 15231/, N. 109th 
St., Superior, Wisc. 
Piper, Thomas Lee (B), 1616 Louisian 

Ave., St. Louis Park, Minn. 
Sanner, Harold A. (B), 1115 Jackson St, 
Beloit, Wisc. 
Spiegelhoff, Hubert H. (C), Tours 
Hotel, 830 Hennepin Ave., Minneapolis, 
Minn. 

Sterling, Ed. (B), 3500 Bloomington Ave 
So., Minneapolis, Minn. 
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“My Choice for 
High Strength 
Steels” 
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“My choice for butt or fillet welding high 
strength steels having tensile strengths of 
90,000 to 100,000 pounds is one of the Murex 
rods especially developed for this work. You 
take Type 90, for example. It operates just like 


coating to the core wire to permit bending 
the electrode. It’s a downhand rod for either 
A.C. or D.C., similar in characteristics and 
applications to Type 90. 

“And for building up defects, or repairing 


yg 4 & any fast downhand, mild steel electrode, and _flaws in really high strength castings, there is 
ow, New 
when you are through, you know the weld is =‘ that new Murex No. 2 Chrome. You can use 
atin. clean and sound and has a ductility that’s way _ this rod in any position with no trouble at all 
31 DuBois up there around 20%. and get welds in air-hardenable steels that run 
J. Ryan “When it comes to working in awkward up to 124,000 Ibs. per square inch in strength. 
York 1 places, there’s nothing handier than Murex “All in all, when there is a special job to 
2. Harris Cromansil. You see, this electrode has a spiral be done on one of these new special steels, 
* winding of asbestos yarn which anchors the | give me a Murex rod every time. 
ion Ave, TENSILE STRENGTH | ELONGATION OF 
NY MUREX aws. OF DEPOSIT DEPOSIT IN 2 
tia, N. ELECTRODE vrrent Groove | filler welded Relieved 
: £-9020 Dork End: A.C. 90,000 18 to 21 al a 
end Brown Orange or to (400° ow rite to Metal & 
ve. W.& Type 90 tose diene. |>or Straight 190,000 preheat) Thermit or your own 
Ave te & | E-10020 Black Murex distributor for a 
free copy of the Murex 
eel Tank £-9020 Brown 90,000 18 to 21 Electrode chart. It de- 
Wayzate or aut Murex Electrodes and 
lists their physical 
ushing & characteristics. 
| N Whi End: AC. 123,000 16.5 to 18 
, Minne No. 2 Gray or to 4 
} D.C. Straight | Straight 124,000 
N. 
Auisians 
«| METAL & THERMIT CORPORATION @ 120 BROADWAY, NEW YORK 5 
Specialists in welding for nearly 40 years. Manufac- | ALBANY - CHICAGO PITTSBURGH 
F turers of Murex Electrodes for arc welding and of 
ton Ave. Thermit for repair and fabrication of heavy parts. SO. SAN FRANCISCO - TORONTO 
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PEORIA 


Walters, Edward (B), 622 Grafton St., 
Ottawa, II. 


PHILADELPHIA 


Borden, John A. (B), 2222 Wallace St., 
Philadelphia, Pa. 

Chapman, Everett (B), P. O. Box 387, 
Coatesville, Pa. 

Espenshade, Samuel H. (C), 322 Charles 
St., Coatesville, Pa. 


Mehl, Walter (B), 1735 W. Erie Ave... 


Philadelphia, Pa. 


PITTSBURGH 


Deahl, K. J. (B), Pittsburgh Annealing 
Box Co., 801 Beaver St., Pittsburgh, 
Pa. 

Griffin, Maurice J. (B), Blaw-Knox 
Constr. Co., c/o American Bridge, 
Leetsdale Boat Yards, Pa. 


PUGET SOUND 


Calkin, Arthur (C), 1027 Bellevue Court, 
503, Seattle 2, Wash. 
Coovert, C. K. (B), 309 E. 40th St., 
Tacoma, Wash. 
Waago, Gustav (B), 1120 S. 4th St., 
Tacoma, Wash. 


ROCHESTER 


Bernstein, B. L. (B), Welding Supply Co., 
510 State St., Rochester, N. Y. 

Bliss, Harlan P. (C), R. D. 3 Canan- 
daigua, N. Y. 

Collins, Harold F. (C), 7 Clinton Ave. S., 
Rochester, N. Y. 

Federation, Peter (C), 159 Emerson St., 
Rochester, N. Y. 

Klein, William C. (C), Springwater, N. Y. 

O’Herron, Thomas (C), 70) Liberty St. 
Dansville, N. Y. 

Sold, Robert P. (C), 50 Spencerport Rd. 
Rochester 11, N. Y. 

Sterling, Charles (C), 70 Hobart St., 
Rochester, N. Y. 

Swanson, Oscar J. (C), 1558 Latta Rd., 
Rochester, N. Y. 

Voit, William (C), 127 Granger St., 
Canandaigua, N. Y. 

Wilson, Asa C. (C), 106 Leonard Rd., 
Rochester 12, N. Y. 


ST. LOUIS 


Pokraka, Lawrence (B), 2029 College 
Ave., Alton, III. 

Rueff, Robert C. (B), 5863 Maple Ave., 
St. Louis, Mo. 

Weeke, Ted. R. (C), 1439 Semple Ave., 
St. Louis, Mo. 


SAN FRANCISCO 


Fuller, James H. (B), Golden Rod Equip” 
ment Co., 500 Sansome St., San Fran- 
cisco, Calif. 

Gurney, Raymond D. (B), 1773 Norris 
Canyon Rd., Hayward, Calif. 

Pearson, Melvin D. (B), 81 Echo Ave., 
Oakland, Calif. 

Pfremmer, Richard W. (B), 81 Echo Ave., 
Oakland, Calif. 

Reagan, Walland W. (CM), U.S.N.R. (B), 
US.S. Sperry, C.P.O., Qtrs., c/o Fleet 
Post Office, San Francisco, Calif. 


Sears, Richard F. (C), 440 Prospect Sq., 
Pasadena, Calif. 


SOUTH TEXAS 


Davis, John G. (C), 193 Woodvale Ave., 
Houston, Tex. 

Nevius, H. H. (B), P. O. Box 131, Texas 
City, Tex. 


SYRACUSE 


Cassel, A. M. D. (C), Smith & Coffrey 
Co., 2611 Lodi St., Syracuse, N. Y. 

Cooney, John O. (B), 215 Duer St., 
Oswego, N. Y. 

De Berjeois, Elwood (C), Lenox Furnace 
Co., 400 N. Midler Ave., Syracuse, 


Demarest, Richard T. (B), Fitzgibbons 
Boiler Co., Inc., Oswego, N. Y. 

Elsner, Joseph (C), 340 W. Newell St., 
Syracuse, N. Y. 

Fidelius, Walter R. (B), Fitzgibbons Boiler 
Co., Inc., Oswego, N. Y. 

Freedman, Marvin J. (C), Box 92, 
Geneva, N. Y. 

Greer, Robert J. (C), Lennox Furnace 
Co., 400 N. Midler Ave., Syracuse, 
N. Y. 

Gualtieri, Frank (D), 217 Nock St., 
Syracuse, N. Y. 

Guerra, Mauro Patsy (C), 703 Mountain 
View Ave., Geneva, N. Y. 

Helmer, W. F. (C) 509 Emerson Bldg., 
Syracuse, N. Y. 

Hoefer, Earl E. (B), Fitzgibbons Boiler 
Co., Inc., Oswego, N. Y. 

Hosid, Jack (C), Marine Welding Co., 
119 S. McBride St., Syracuse, N. Y. 

Irwin, William H. (B), Carrier Corp., 
Syracuse, N. Y. 

Kennison, James A. (B), Fitzgibbons 
Boiler Co., Inc., Oswego, N. Y. 

Lang, Philip A. (C), R. D. 3, Syracuse, 
N. Y 


Lannon, John D. (B), Fitzgibbons Boiler 
Co., Inc., Oswego, N. Y. 

Malvin, Ray C. (B), Fitzgibbons Boiler 
Co., Inc., Oswego, N. Y. 

Marcus, Lloyd (C), 304 Pleasantview 
Ave., Syracuse, N. Y. 

Muir, Douglas Arthur (C), Lennox Fur- 
nace Co., 400 N. Midler Ave., Syracuse, 
N. Y. 

Mulligan, John H. (C), 316 Rich St., 
Syracuse, N. Y. 

Nesfeder, Albert W. (B), Carrier Corp., 
302 Geddes St., Syracuse, N. Y. 

Page, V. C. (B), Fitzgibbons Boiler Co., 
Inc., Oswego, N. Y. 

Phillips, Elmer M. (C), Lennox Furnace 
Co., 400 N. Midler Ave., Syracuse, 
N. Y. 

Thelen, Carl N. (C), P. O. Box 1124, 
Syracuse 1, N. Y. 

Tucker, Sydney (B), Fitzgibbons Boiler 
Co., Inc., Oswego, N. Y. 

View, Harold C. (B), Fitzgibbons Boiler 
Co., Inc., Oswego, N. Y. 


TULSA 
Krisman, J. M. (C), 308 E. 4th St., Tulsa, 
Okla. 
McCrackin, Fent C. (D), 5108 West 4th 
Pl., Tulsa, Okla. 
WESTERN MASS. 


Choquette, Bernard M. (C), 131 Sargent 
St., Holyoke, Mass. 


THE WELDING JOURNAL 


Jesuit, Anthony (C), I! 


Devens 
Indian Orchard, Mass. ; 


WESTERN NEW YORK 


Leofsky, Frank J. (C), Welding & 
Fabrication Co., 46 Skillen St., Buf, 
N. Y. 

Weeks, Merlyn B. (C), E 


Main §; 
Clarence, N. Y. 


WICHITA 


Bockelman, H. C. (B), 1102 Par; 
Wichita, Kan. 

Covert, Alvis W. (B), 2456 Arkanw 
Wichita, Kan. 

Davis, C. J. (A), Davis Westholt Aircra; 
Products, 1521 McClean Blvd., Wie! 
ita, Kan. 

Garrison, Le Verne (C), 1731 S. Washing 
ton, Wichita, Kan. 

Kopper, H. D. (A), Welders Supply Cy 
Box 229, Hutchinson, Kan 

La Mar, M. M. (B), 331 S. Poplar, Wic: 
ita, Kan. 

Long, R. C. (B), Watkins, Inc., 710 E. jy 
Wichita, Kan. 

McCammon, E. C. (B), 1313 N. B.S 
Wellington, Kan. 

McGonagle, Glen (C), 905 So. Dodgy 
Wichita, Kan. 

Miller, N. L. (C), 727 South Ruta 
Wichita, Kan. 

Schumacher, Roy A. (B), 25! N. Eri 
Wichita, Kan. 

Schwartz, Don (C), Air Reduction Sale 
Co., 402 E. 29th St., Wichita, Kan 
Townsend, J. E. (C), Tweco Produ 
Co., English at Ida, Wichita, Kan 
Wiley, John M. (C), Tweco Products © 

English at Ida, Wichita, Kan 


YORK-CENTRAL PENNA. 


Eckert, Charles F. (C), R. F. D. 1, Coates 
ville, Pa. 

Porter, Glenn R. (C), 1212 Olive & 
Coatesville, Pa. 

Rhines, Geo. E. (C), Strasburg Rd 
Coatesville, Pa. 

Smith, Ray F. (C), 1909 W. Market >) 
York, Pa. 

Wotherspoon, Alex M. (C), P. 0. bo 
100D, York, Pa. 


NOT IN SECTIONS 


Boschen, Herbert L. (B), 110 Munro >! 
Coburg, N. 13, Victoria, Australia. — 
Chervenka, John (D), 630 Tacoma kK‘, 
Erie, Pa. 
Davison, Archibald L. (C), Apartado 3!5 
Monterrey, N. L., Mexico. : 
Donnell, F. L. (C), % Pier Equipmen 
Mfg. Co., P. O. Box 697, Benton Har bot 
Mich. 
Hopewell, W. C., Jr. (B), Box 393, Rt 
Charleston, S. C. 
Mawhir, Mynferd F. (D), 15 Oak > 
Westfield, N. Y. eS 
Rathburn, Ralph C. (B), Piper Aircr@!! 
Lock Haven, Pa. i 
Rosso, Peter A., T-5 (D), 970th Engrs 
Maint. Co., Camp Gruber, Okla. 
Scheiber, Benedict H. (C), 229 Maciso® 
St., Huntington, Ind. 
Taraski, Walter (D), 830 N. 4th, Eric, P* 
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Coast Guard Approves Arc-welded Back 
Pressure Relief Valve To Replace Cast-lron 


PPROVAL by the United States 
[A Coast Guard of an arc-welded back 
pressure relief valve for Marine use has 
recently been received by H. C. Elliott, 
Superintendent of Maintenance, Missis- 
sippi Valley Barge Line Co., of Cincin- 
nati, Ohio. 

This 8-in. valve formerly listed at from 
$275 to $350 with a cast-iron body and 
trimmings and it was practically impos- 
sible to purchase such valves at all with 
steel body and steel parts. With a com- 
bination blacksmith, welding and ma- 
chine shop that is maintained at the Mis- 
sissippi Valley Barge Line Co., this 8- 
in. back pressure valve can be made within 
a period of 48 hr. by having different parts 
in work at the same time, whereas an all- 
steel manufactured valve would require 
fito 8 mo. and an ordinary cast-iron valve 
would be special and would take 4 mo. 
in ordinary times and at least 10 mo. now 
on a high priority. 

Detailed drawing shows this new way to 
construct an arc-welded steel back pres- 
sure relief valve using pipe, plates and 
tubing. Itemized cost data are as follows: 


8-in. pipe..... oie $ 4.00 
10-in. pipe... 5.50 
50-Ib. steel plates. .. ' 2.00 
Steel tubing and small pipe 3.50 
Steel bars 
Bolts, nuts and washers 1.20 
Gaskets 1.00 
Diaphragm 2.60 
Bronze bushings and taper pins 1.20 
Monel stem 1.75 
Steel welding wire , . 90 
Monel welding wire for seats... . 1.20 
Spring from 3/8 spring wire... 2.90 

Total for material........ . $28.50 


Labor: 


Burning pipes and plates to de- 
tail sketches, 6 hr. at $1.00. 6.00 
Machining plates and pipes 
prior to welding, 6 hr. at $1.00 6.00 
Tacking pipes and plates and - 
tubing together and veeing 
out with air chisel for inside 
and mountside welds, 16 hr. 
with helper at $1.75..... 28.00 
Swaging of the ends of the 10- 
in. pipe and blacksmithing of 
plates to make the “U”- 
shaped piece and to fit it into 
the 10-in. pipe. Sketches 
the pt J y of the Prize Winning Awards in 
ducted by The Hobart Brothers Co.” 


turers of Electric Arc Welders and equi 
quipment. 
' The Hobart Brothers Co., Troy, Ohio. 
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By S. Craig Cairnst 
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fabricates 
freight cars 
faster 


...-BECAUSE 


WESTINGHOUSE PRE-SET 
ARC CONTROL 


comets watied time crite tie 


ONE SIMPLE ADJUSTMENT gives exact welding current 
desired. No exciter, rheostats or reactors to fiddle with. 


ARCONTROL gives choice of three types of arc. 


NO “DROOP” in welding current when machine warms 
up. Just pre-set—and weld! 


BUILT TO “TAKE IT’! Banging can’t damage the heavy, 
one-piece seamless steel frame. No tin boxes—all 
vital parts are inside. 


estinghouse 


PLANTS IN 25 CITIES... OFFICES EVERYWHERE 


FLEXARC 
WELDERS 


The Greenville Steel Car Co., a prominent manufacturer 
of freight cars, uses every possible short cut to get cars on 
the rails faster. So, of course, they fabricate by arc welding. 


More specifically, they use Westinghouse D-C Welders. 
Here are their buying reasons—which will be helpful to 
you in the selection of your welding equipment: 


Reason one, is proved low maintenance—excellent 
service from their Westinghouse welding distributor on 
electrodes and accessories. Reason two, is preference for 
Flexarc D-C Welders by men in the shop—men who want 
no complicated welding controls to waste their time. 
Reason three, is the advanced design advantages of the 
new Westinghouse D-C Welder. No other welding ma- 
chine on the market today is so simple to operate; s0 
flexible in its applications; so efficient in operation. 


Write for full details. Ask for DD-26-100. This 12-page 
booklet fully explains the new Westinghouse welder design. 
And of course, there’s no obligation. Westinghouse Electric 
& Mfg. Co., East Pittsburgh, Pa., Dept. 7-N. J-90476 
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helper at $1.75............ 5.25 
Machining the 15 pieces and 
assembling as shown, ready 
for operation, 37 hr. machin- 
ist time at $1.00........... 37.00 
Total for labor.......... $89.25 
Overhead, 60% of labor.. 53.55 
Total cost of valve......... $171.30 


This type of back pressure valve is used 
in exhaust pipe lines leading from a steam 
or turbine where exhaust steam is re- 
quired for a heating system or for feed- 
water heaters at say 20 Ib., pressure. 
When the pressure builds up above 20 
lb., the double disks raise and allow the 
excess to pass through the valve to the 
condenser or to the atmosphere as the case 
may be. 

The spring can be adjusted for whatever 
pressure is required to be maintained, the 
spring pushes down and the steam to be 
controlled enters through the 3/8 pipe 
under the diaphragm pushing up. Thus, 
if the spring is set to hold disks exactly 
tight on their seats when 20 Ib. pressure of 


steam enters the 8-in. pipe line the valve 
will not function, but if 21 lb. pressure en- 
ters, the disks will raise and allow the 
extra 1 lb. of pressure to escape, thus main- 
taining 20 lb. pressure in the 8-in. line 
leading to the valve. 

While this regulation of back pressure 
is a standard method used on various 
types of valves, Mr. Elliott stresses the 
saving in cost with a minimum of delay by 
this method of fabricating and welding 
the valve assembly. 


YEAR BOOK 


As previously announced the Year Book 
this year will be published in February 
1944 instead of December 1943. It will 
no longer be issued as a part of THE 
WELDING JOURNAL. Owing to govern- 
ment restrictions on paper, a limited edi- 
tion will be published. Copies will not be 
sent out as heretofore to the entire mem- 
bership list. Members desiring a copy, 
however, may obtain one by writing to the 
Secretary requesting a copy. 


Members Reclassitied 


During Month of October 


CLEVELAND 


) Radde, Harold (from D to C), 1036— 


| Babcock, Francis I. 


| Nelson, Roland (from D to 


9th St., Lorain, Ohio. 


COLORADO 


Reynolds, Harold E. (from D to C), 
2458 Gaylord St., Denver, Colo. 


DETROIT 


(from D to C), 
1141 W. Washtenaw, Lansing, Mich. 
Spurling, William P. (from C to B), 

3910 Mannhall St., Flint, Mich. 


HAWAII 


Grable, G. B. (from C to B), % Shop 
Supt.’s Office, Navy Yard, Pearl 
Harbor, T. H. 


LOS ANGELES 


Lewis, Bennett (D to B), 3756 Clayton, 
Los Angeles, Calif. 

Talkington, Glenn E. (from D to te 
2090 E. Main, Ventura, Calif. 


NEW JERSEY 


Mahoney, Philip A. (from D to OC), 
260 Clerk St., Jersey City, N. J. 
Mitchell, Samuel M. (from D to B), 
614 Ridge Rd., Lyndhurst, N. J. 
B), 112 
Floyd Ave., Bloomfield, N. J. 


NEW YORK 


| Beckmeier, Gustay H. (from D to C), 


Cedar Ave., Locust Valley, N. Y. 

Gaug, Nicholas (from D to C), Multi- 
Metal Wire Cloth Co., 1350 Garrison 
Ave., Bronx, N. Y. 


Randall, Max (from F to C), Randall 
Welding Wks., 410 E. 93rd St., New 
York 28, N. Y. 

Saunders, Norman G. (from D to C), 
131 Oak St., Amityville, N. Y. 

Wilson, J. Lyell (from C to B), American 
Bureau of Shipping, 47 Beaver St., 
New York, N. Y. 


PEORIA 


Schmidt, E. C. (from C to B), 706 W. 
Corrington Ave., Peoria, 

Smith, Albert (from D to C), 710 Spring- 
field Rd., E. Peoria, Ill. 

Wald, Alfred A. (from D to C), 2910 
Prospect Rd., Peoria 4, Ill. 

Wimmer, Clifford (from C to B), 1104 
Ann St., Peoria, Ill. 


PUGET SOUND 


Buchenroth, C. H. (from C to B), 2141 W. 
96th St., Seattle, Wash. 


TOLEDO 


Kennon, Lorenzo (from B to A), Willys- 
Overland & Motors, Inc., % Aircraft 
Div., Toledo, Ohio. 


WASHINGTON, D. C. 


Shadonix, John H. (from C to B), 9 Dale 
Dr., Portsmouth, Va. 


NOT IN SECTIONS 


Bailey, Robert T. (from C to B), 146-G 
Kiska Pl., Liberty Homes Ext., North 
Charleston, S. C. 

Hopkins, Howard E. (from C to B), 
516 N. E. Stafford, Portland 11, Ore. 
LeNoir, H. (from C to B), 319 W. Park, 

Tampa, Fla. 
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HEAVY-DUTY, 
HEAVY- 
PRODUCTION 
WELDING 


Model WC-3C — 500 amperes. Current 
Range—100 to 675 amperes. Current ad- 
justable under load. Built-in capacitor for 
power-factor correction. Normal power fac- 
tor also available. Line voltage— 220 or 440. 


FOR HEAVIER- 
THAN-AVERAGE 
WORK 


Model WC-2C— 
300 amperes. Cur- 
rent Range—60 to 
375 amperes. Cur- 
rent adjustable 
under load. Easy to 
move. Built-in 
breaker protects 
against severe over- 
load. Line voltage 
—220 or 440. 


AN ALL-PURPOSE WELDER 


Model WT-4C— 200 
amperes. 27 current 
settings from 20 to 
250 amperes permit 
using a variety of elec- 
trodes. Easily moved. 
Built-in capacitor (op- 
tional). Nofuze ‘‘De- 
ion” Circuit Breaker. 
Line voltage— 220. 


FOR SHOP MAINTENANCE 
LIGHT WORK 


Model WT-1C—100 
amperes. 15 current set- 
tings from 20 to 140 am- 
peres. Built-in capaci- 
tor (optional). Built-in 
breaker protection. 
Line voltage— 220. 

For latest literature, 
write Westinghouse 
Electric & Mfg. Co., 
East Pittsburgh, Pa., 
Dept. 7-N. J-90476 
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FACTS and FIGURES 


on 


Resistance Welding 


are readily obtainable from 
THE RESISTANCE WELDING MANUAL 


Obtain your copy now 
Price $2.50 Postpaid 


The Resistance Welder Manufacturers’ Association 
505 Arch Street Philadelphia, Pa. 
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THE ENGINEERING FOUNDATION 


Welding Research Council 


Sponsored by the American Welding Society and American Institute of Electrical Engineers 


Supplement to the Journal of the American Welding Society, January 1943 


Welding Research Committee 
Reorganized. 


OR some time it has been apparent that there was 

an urgent need for a reorganization of the Weld- 

ing Research Committee in order to bring about a 
simplification of its structure, expedite progress, eliminate 
red tape and to gear in the work more effectively with 
the growing needs of various government depart- 
ments. 

The reorganization scheme is patterned closely after 
the Welding Research Council of Great Britain, with 
which body the Welding Research Committee has been 
cooperating since its inception. In order to eliminate the 
use of the term “‘subcommittee,’’ the name of the Weld- 
ing Research Committee was changed to The Welding 
Research Council. 

The three divisions formerly known as the Funda- 
mental Research, Industrial Research and Literature 
have been eliminated. 

The Literature activities will be centered in a small 
committee known as the Literature Committee. 

The Fundamental Research Division has given away 
to the University Research Committee, with the general 
purpose of organizing, stimulating and assisting research 
activities in the universities. It will be the function of 
the University Research Committee to call to the atten- 
tion of the various project committees outstanding re- 
searchers in the universities who could be of assistance to 
the project committees. In some cases the merit of a uni- 
versity research may warrant a special grant-in-aid, as 
was provided under the old organization. 

All of the existing project committees, whether form- 
erly attached to the Fundamental or Industrial Research 
Divisions, will now be project committees of the Welding 
Research Council, and report thereto through the Execu- 


tive Committee. In some instances the work of several 
committees will be combined. In other cases, work form- 
erly under way at the universities under the auspices of 
the Fundamental Research Division, will be combined 
with that of the project committees. Several inactive 
project committees will be eliminated. Others will be 
reorganized. 

To take care of the needs of special groups not rep- 
resented by the project committees, suitable advisory 
committees will be added from time to time, whose func- 
tion will be to meet at least once a year, and to suggest 
to the Council needed researches in their field. These 
suggestions will be carefully considered by the Welding 
Research Council and referred to the proper project 
committee, to a new project committee, or to the Univer- 
sity Research Committee. 

In order to expedite action, the Welding Research 
Council has delegated its authority to a small Executive 
Committee, which will meet frequently. 

To gear in the work of the Welding Research Council 
with that of the various governmental agencies, it 1s pro- 
posed to organize a governmental advisory committee. 

A simplified organization chart is reproduced below. 

Every effort will be made to bring into the Welding 
Research Council and its committees all of the available 
leading scientific and research talent in the welding field 
to solve problems of importance to the war effort. The 
membership of the Council itself will consist of out- 
standing executives of those companies and organizations 
who have indicated an interesting welding research through 
their support of the Welding Research Council. 

The present annual budget, including Government 
financed projects, is a little more than $200,000. 
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Physics of the Arc and the Transfer of 
Metal in Arc Welding 


A Review of the Literature to February 1942 


By W. SPRARAGEN* and BELA A. LENGYELTt 


This report is prepared under the auspices of 


THE LITERATURE DIVISION OF THE ENGINEERING FOUNDATION 
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* Executive Secretary, Welding Research Committee. 
t Instructor, Rensselaer Polytechnic Institute. 
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are drawn to the anode by the electric field. 


SUMMARY 


In view of the fact that most of the experimentation 
relating to the physics of the are has been made with rela- 
tively low-amperage arcs and the phenomena observed 
in such cases has not been primarily for the purpose of 
relating the results to the welding arc, the reviewers are 
dividing the summary into two parts. Part I relates 
to observations and findings connected with low-amper- 
age arcs and Part II relates primarily to welding arcs 
These parts are further subdivided in accordance with 
the main body of the report relating to the literature. 
It is not intended to imply by such division that observa- 
tions on low-amperage arcs will not hold good in welding 
arcs but on the other hand such observations need fur- 
ther verification before they may be accepted by the 
welding engineer in his work. 


Part I—Low-Amperage Arcs 


Historical 


The carbon are was discovered in 1809 by Davy and 
used as a light source half a century later. Until about 
1910 the voltage-current relation of the arc was in the 
center of interest. Numerous empirical formulas were 
obtained for this relation. 

Rapid progress started when J. J. Thomson and J. 
Stark proposed simultaneously (1903) the first theory 
of the arc based on the electron theory. The funda- 
mental idea is that the hot cathode emits electrons which 
Positive 
ions coming from the anode or generated by collision of 
neutral atoms and molecules with the fast moving elec- 
trons are accelerated in the opposite direction. When 
they reach the cathode their kinetic energy is transformed 
into heat. Thus the cathode is kept at a high tempera- 
ture and the electrons emanating from the cathode pro- 
vide positive ions on their way to the anode by colliding 
with neutral particles. This theory is still considered 
adequate for the tungsten and the carbon arc. 


Electric Discharges in Gases 


The conductivity of a gas in the normal state is only 
very slight. In order to produce any appreciable con- 
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duction in a gas it is necessary to provide carriers of 
electricity, i.e., electrons and ions. Of all types of dis- 
charges in gases the most important ones are those which, 
once started, can continue to exist without a further ex- 


ternal supply of carriers. These discharges supply their 


own carriers. 


The Arc Discharge 


The current in an arc discharge ranges from a few 
amperes to several hundreds of amperes with no appar- 
ent upper limit. The potential drop across an arc is 
generally of the order of 20-100 v. 

Generally the hot cathode is an essential characteristic 
of the are discharge. Formulas describing the character- 
istics of the low amperage arc have undergone constant 
development. The formula V = a + $l + (y + dl)/i 
is known as Ayrton’s formula and it is valid for low- 
current carbon arcs. For metal electrodes Steinmetz 
proposed 


This latter was modified by Nottingham to 
V=A-+ 


In this equation A and B are constants dependent on the 
arc length and electrode material, m depends on the elec- 
trode material only. For carbon n is nearly |. 


Potential Distribution in the Arc 


The potential drop in the arc is not uniform. There 
is a sharp drop of potential immediately in front of the 
electrodes and a gradual and approximately linear fall 
in the arc proper. This was found to be the case regard- 
less of the material of the electrodes used or the gas sur- 
rounding the electrodes. The potential drops at the 
electrodes are called the cathode and anode drop (c. d. 
and a. d.), respectively. These sharp potential drops 
are caused by the space charges which accumulate in 
front of the electrodes. An excess of positive ions moving 
toward the cathode over the electrons coming out of the 
cathode and moving in the opposite direction produces a 
net positive charge immediately in front of the cathode. 
This is called the cathode sheath. 

The potential distribution in the arc is generally meas- 
ured by the introduction of a small collector, the so- 
called probe, although some information can be obtained 
by measuring the dependence of the total potential drop 
on the are length. Sample cathode drops in 2.5 amp., 
5-mm. arcs with electrodes 12-mm. diam. with same 
material for anode and cathode are Fe 6.0, Cu 8.1, C 
19.7, Ni 7.8 v. The corresponding anode drops are 
16.3, 20.6, 5.8, 11.7, respectively. These drops vary 
widely if the anode and cathode material is of a different 
substance. 

Using another method of separating contacts at a 
known speed and measuring the change in voltage, the 
cathode drop can be obtained. By this method the 
cathode drop of the copper arc was found to be inde- 
pendent of the current and the open circuit voltage in 
the range of 0.5 to 10 amp. and 8 to 230 v. 


The Cathode Spot 


In all arcs, except those in which the cathode has a 
small area and cannot lose heat rapidly by conduction, 
the current at the cathode is concentrated in a small area, 
the cathode spot. In the case of carbon the cathode 
Spot is stationary. In some metal arcs, e.g., Cu, Hg, 


1943 


‘thermally from the cathode. 


the cathode spot wanders rapidly over the whole tip of 
the cathode. This difference in the behavior of the 
cathode spots is indicative of a fundamental difference 
between the mechanism of the carbon are on one hand 
and the copper arc on the other. The temperature of 
the cathode spot is not very accurately known. 


The Anode 


If the current of an arc is not too low there is no par- 
ticular current-carrying spot on the anode. The current 
is distributed over the entire tip of the electrode. There 
is nothing resembling the cathode spot on the anode and 
the role of this electrode in the arc is somewhat subordi- 
nate. The potential drop in front of the anode is due to 
a space charge similar to the cathode sheath. The 
anode drop is, however, not so characteristic of the elec- 
trode and the surrounding atmosphere as the cathode 
drop. 

For current intensities not too small the anode is 
heated to the boiling point of the metal or metallic oxide 
if the chemical conditions are such that an oxide layer 
is formed on the electrode. An aluminum anode when 
measured in a nitrogen atmosphere gave a temperature 
1000° C. lower than in air. The high temperature in 
air (3350-3450° K.) is attributed to the oxide layer. 
Copper, iron and nickel anodes showed no difference in 
temperature when measured in a nitrogen atmosphere. 


The Temperature of the Arc 


A number of methods have been used to measure the 
temperature of the arc. Recent measurements indicate 
the temperature of the electrodes of the carbon are in 
air to be between 2900° and 3600° K. The temperature 
of iron electrodes is 2400-2600" K. The temperature 
of the are proper was measured by spectroscopic observa- 
tions, by density measurements and several other methods. 
There is good agreement as to the fact that the core of the 
carbon arc has a temperature of 5500-6500° K. 


The Theory of the Arc 


Motion of Charged Particles in Gases 


In order that the discharge be stable the number of 
new positive and negative charge carriers produced in 
the discharge and on the electrodes must be equal t» 
the number of such carriers neutralized in the discharg= 
and on arrival at the opposite electrode. This is, how- 
ever, not sufficient, as the arc must be not only in elec- 
trical equilibrium but also in thermal equilibrium. The 
heat generated must be equal to the heat dissipated. 
Electrical and thermal equilibrium of the are are not 
independent as a disturbance of the thermal equilibrium, 
e.g., the cooling of the cathode causes a change in the 
emission of electrons and thus a change in the electrical 
balance. On the other hand a change in the current or 
voltage causes a change in the amount of heat produced 
per second and thus shifts the thermal balance. 


Theory of the Current at the Cathode 


The theory of thermionic emission accounts for the 
are current in the case of an arc with refractory electrodes, 
such as carbon or tungsten. According to this theory 
the current is carried at the cathode by electrons emitted 
For most metallic elec- 
trodes, however, the thermionic electron emission 13 
insufficient to account for the current. The emission in 
such cases is facilitated by the high field in front of the 
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electrode. Recent investigations have shown, however, 
that in the case of most metals the high field also fails to 
provide enough electrons to carry the current. 

According to Slepian, in the immediate vicinity of the 
cathode the current is carried largely by positive ions 
and not by electrons. These ions originate in the plasma 
and are generated by thermal ionization. That thermal 
ionization is responsible for the conductivity of the posi- 
tive column was suggested by Compton in 1923 and is 
generally accepted. Slepian extended this theory, say- 
ing, ‘It appears now that this theory of thermal ioniza- 
tion in the are may be used also to explain the passage 
of the current to the cathode, so that it is no longer 
necessary for the cathode to have a large electron emis- 
sion. The thermal ionization in the gas is such that the 
arc current may be carried to the cathode by thermally 
generated positive ions. A hot cathode is therefore not 
necessary for an arc. High temperature appears to be 
essential, but it may be in the gas immediately adjacent 
to the cathode and not the cathode itself.”’ 


The Cathode Drop 


Relations were derived between the current, the cath- 
ode drop and the thickness of the cathode full space. 
These relations depend on the mechanism of the pro- 
duction of charge carriers. 


The Energy Balance at the Cathode 


Compton considered low-current arcs with no signifi- 
cant transfer of material. The heat developed at the 
cathode spot is due to: 


1. Ionic bombardment of the cathode. 
2. Outgoing electrons, some of whose energy is re- 


turned to the cathode. 
The heat lost by the cathode is due to: 


. 


Escape of electrons. 

4. Conduction through the body of the cathode. 
5. Gaseous conduction and convection. 

6. Radiation. 

7. Evaporation of cathode material. 


The Positive Column 


In the positive column of an are at atmospheric pres- 
sure the electric gradient is approximately constant. 
This fact proves the absence of a space charge in the posi- 
tive column; thus there must be sufficient ionization in 
this region to supply enough positive ions to neutralize 
the space charge of the electrons coming from the cathode 
sheath. Compton proposed that thermal ionization is 
responsible for the production of positive ions. In the 
thermal process the electron generally suffers many colli- 
sions while traveling through a relatively small potential 
drop and loses its energy in these, thereby increasing the 
kinetic energy of the neutral atoms and ions. Some of 
the energy produces so-called excited atoms. The energy 
necessary for ionization is thus gradually built up in the 
gas and distributed among the neutral atoms and ions 
through collisions between themselves. Ionization by 
direct impact is on the other hand a process in which the 
electron gathers sufficient energy to ionize the atom on a 
single collision. 

The existence of a thermal equilibrium in the positive 
column was verified by a number of methods. ‘There is 
general agreement about the fact that equilibrium is 
established in an arc in about 0.001 sec. The principal 
result of the theory of thermal ionization is that the 
conductivity of the positive column is a function’ of its 
temperature alone. 
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Forces Acting on the Electrodes and the Transfer 
of Material 


Mechanical Forces Acting on the Electrodes 


The electrodes of an are are subject to forces which 
tend to separate the electrodes. The presence of such 
forces is immediately observable in the case of liquid 
electrodes such as mercury as they cause a depression 
of the liquid surface. 

Pressures on solid electrodes have been measured by 
a number of investigators. The evaluation of the experi- 
mental data is very difficult as there are many secondary 
effects which have to be eliminated, such as forces due ty 
the motion of the air around the arc, magnetic forces due 
to terrestrial magnetism, etc. 


The Alternating-Current Arc 


Characteristics 


The characteristic discussed in connection with the 
d.c. are describes the potential drop in an arc through 
which a current of uniform intensity is flowing. It is 
sometimes referred to as the stationary characteristic in 
contrast to the dynamic characteristic obtained with al- 
ternating current. The dynamic characteristic shows the 
fundamental fact that the potential drop during the in- 
creasing phase of the current is greater than the po- 
tential drop during the decreasing phase. 

In the case of arcs with refractory electrodes, i.e., 
carbon and tungsten, no high voltage is necessary to re- 
strike the arc. This is believed to be due to the elec- 
trodes being at a temperature high enough for thermionic 
electron emission. For other electrode materials such 
as copper, iron or zinc reignition voltages of several 
hundred volts were observed. 


Temperature 


Since the electric conductivity of the arc depends on 
the temperature it is natural that the electrical properties 
of an alternating current arc will be determined largely by 
the rate of heat loss and heat generation. In an a.c. 
arc the energy input oscillates with a frequency twice 
that of the current. The temperature will follow the 
oscillations of the input with the temperature maxima 
and minima lagging behind those of the current. Once 
the variation of temperature in the a.c. arc is known, 
the shape of the characteristic is easily understood. It 
the minimum temperature is low, then a high voltage 1s 
necessary for reignition, i.e., the peak of the characteris- 
tic will be high. If the thermal conditions are different 
and the arc is cooled to a less extent, the peak voltage 
will be lower. 

The flow of heat from the arc to the electrodes affects 
the thermal and electric properties of the plasma. One 
effect, which manifests itself in d.c. arcs as well, is that 
there is no thermal equilibrium in the neighborhood o! 
the electrodes. The electron temperature is consider- 
ably above the gas temperature. The heat loss in the 
neighborhood of the electrodes is much greater than the 
heat loss elsewhere. 


Probe Measurements 


The potential distribution within an electric discharge 
is explored by placing a suitable small auxiliary electrode, 
called the probe, in the discharge. However, the po 
tential that an insulated probe assumes is not the space 
potential. Because of the small mass and consequent 
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high mobility of electrons, the electron current densities 
in an ionized gas are hundreds of times greater than the 
ositive ion current densities, therefore an insulated 
conductor introduced into a gaseous discharge soon be- 
comes negatively charged with respect to its surroundings. 
In order to obtain the space potential at some point 


a probe with variable potential is introduced. The 
probe current as a function of the probe potential is 
measured and the space potential is then calculated from 
the theory. 

The shortcomings of the probe method and the 
dangers of obtaining biased results were pointed out by 
several investigators. The probe technique is suitable 
for the exploration of low-current discharges, but its 
application in the case of welding arcs is not justified. 


Part I—Welding Arcs 


Potential Distribution in the Arc 


Conrady found the following anode and cathode drops 
in a welding arc 50 to 250 amp. 32 to 45 v. and arc 
lengths 6 to 24 mm. The second figure corresponds to 
larger currents and presumably the higher voltage. 


Cathode Anode 
Electrode Drop Volts Drop Volts 
Iron 16-17 6-9 
Copper 13-12 11-10 
Aluminum 14-13 11-10 


Another investigator kept the total arc voltage fairly 
constant and varied the arc length and current using 
welding arcs of mild steel, copper and aluminum elec- 
trodes of 4-mm. diam. The cathode drop remained 
constant at 14.5 v. regardless of the current, arc length 
or the composition of the electrode. The anode drop 
rose slightly with the current and there was some differ- 
ence (not large) for different electrodes. 


Temperature of the Welding Arc 


Suits determined the temperature of the arc using 
coated metal arc to be 6020° K. This agrees with tem- 
peratures obtained on other arcs by other investigators. 


Heat Balance at the Cathode in the Welding Arc 


The heat balance in the cross welding arc as derived 
by Doan and modified by others is shown below using a 
*/-in. mild steel electrode, 150 amp., 18 v. 


Heat Received at the Cathode in Calories per Second 


1. By ionic bombardment.................. 226.0 
2. By ohmic resistance of globule and electrode 3.20 
3. By radiation from the anode............. 9.65 
9.70 
248.55 
Heat Disbursed at the Cathode in Calories per Second 
5. By melting of electrode.................. 161.0 
6. By evaporation of atoms................. 12.6 
‘. By evaporation of electrons.............. 46.0 
237 .8 


Mechanical Forces Acting on the Electrodes 


Creedy found in a welding arc that the force increases 
rapidly with decreasing arc length. For fixed arc length 
the force is proportional to the square of the current. 
he forces measured range from 50 to 1000 dynes and 
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are attributed to the recoil force of particles projected 
from the electrodes, particularly the cathode. 

Nieburg’s measurements reveal the significant fact 
that if the welding current is equal to the optimum value 
established by practical welding experience, then the 
force is equal to 1 g. (980 dynes) in the case of 4-mm. 
steel electrodes and 2 g. for 6-mm. steel electrodes. This 
force is evidently necessary for the transfer of material. 
The current on the other hand determines the amount of 
heat evolved in the arc. Thus for satisfactory welding a 
definite value of current has to coincide with a definite 
force on the electrodes. If the correct amount of heat 
necessary for melting the electrode is supplied but the 
force is too small, the transfer of material becomes in- 
sufficient. On the other hand an excessive force causes a 
sputtering of the electrodes. 

Doan and Lorentz measured forces acting on electrodes 
in air as well as in controlled atmospheres such as helium 
and nitrogen. The forces were measured by means of a 
torsion balance. Five thirty-sec. in. (3.8 mm.) electrodes 
were used with currents varying from 70 to 220 amp. 
The forces measured in air are in very good agreement 
with Nieburg’s results. The forces in helium and nitro- 
gen are considerably below the forces in air at the same 
currents. The cause of variation of this force with the 
arc atmosphere is not yet known. 


Transfer of Material Across the Arc 


The fact that material transfer in the welding arc can- 
not take place in the gas state was shown in 1920 by 
Eschholz, who concluded from energy considerations 
that at least 85% of the deposited metal is transmitted 
in the liquid form. 

As the metal on the tip of the weld rod melts a drop is 
formed which makes contact with the plate. At this 
instant the arc is short-circuited and it is thus momen- 
tarily extinguished. The arc is re-established when the 
drop becomes detached from the weld rod. The short 
circuits can be observed by means of an oscillograph. 
A more direct method of observing the transfer of mate- 
rial was introduced by Hilpert who took moving pictures 
of the electrode. The number of short circuits, with 
coated electrodes is much less than with bare electrodes. 
In overhead welding the time of short circuits with bare 
electrodes was 25.77% of the total arcing time. Of this 
9.27% is ascribed to backdrops. With covered electrodes 
the time of short circuits was only 2.96% of the arcing 
time. 

Doan found that in accordance with results of other 
investigators at least 90% of the metal was transferred 
in liquid form. 

Larson believes that the expansion of gases in the metal 
at the tip of the electrode is a contributory force in the 
transfer of the metal across the are particularly in the 
overhead position. 

Doan considered an idealized process of flat-position 
welding in which drops form slowly at the tip of the 
electrode and fall into the work solely under the force of 
gravity. The reduction of surface tension by the addi- 
tion of 0.1 to 1.0% of antimony decreases the size of the 
drops noticeably. The growth of large globules on the 
tip of the electrode forms a barrier to the flow of heat 
from the arc to the unmelted wire, therefore a decrease 
of drop size results in an increased melting rate. Doan 
increased the melting rate of bare wires by the addition of 
antimony 25 to 50%. 

In overhead welding the transfer takes place against 
the forces of gravity. Many theories had been proposed 
as explanations and there is no agreement yet among the 
many investigators who contributed to this subject. 
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The difficulty lies in the multitude of forces acting in 
the welding are as well as their variability from one arc 
to the other. Forces of electric origin, surface tension, 
gravity, pressure on the cathode spot, forces due to gas 
stream from the weld rod coating and expansion of gases 
have to be considered. Arc length, current, electrode 
material, coating and the atmosphere influence the rela- 
tive magnitude of these forces. It is therefore not sur- 
prising that under varying experimental conditions dif- 
ferent conclusions were reached as to their role in the 
transfer of material. 

Perhaps the only important effect due to electric forces 
is the “‘pinch”’ effect. Ifa current flows through a liquid 
conductor the electromagnetic forces will tend to contract 
the conductor. This will result in a hydrostatic pressure 
at the center. If there is a construction in the fluid 
path at any point, so that the current density is greater 
there than elsewhere, the fluid will be forced out at that 
point and will be heaped up on either side of the con- 
striction. In a non-viscous fluid the fluid in the narrow- 
est cross section is constantly replenished, but in a vis- 
cous fluid a notch will appear and get deeper and deeper 
until the conductor is broken in two. 

Surface tension plays a part during the formation of 
the drop as it prevents the metal from flowing down the 
side of the rod. It also keeps the molten metal in the 
inverted pool on the work. 


Crater Formation 


The crater is a depression on the base plate, ordinarily 
visible on the liquid metal, frequently extending below 
the original surface of the metal plate. After the arc is 
extinguished the depression is easily recognized on the 
solid metal. No crater is formed when welding in inert 
gases such as helium, argon, nitrogen and chlorine. Only 
in the presence of a considerable admixture of oxygen is 
a crater formed. 


Role of Electrode Covering 


The function that the electrode coatings may perform 


1. To dissolve or reduce impurities of the plate, thus 
to act as fluxes. 


2. To change the surface tension of the molten metal 
and make the flow of metal more uniform. 


3. To increase arc stability by introducing materials 
which are easily ionized in the are stream. 


4. To produce a reducing or non-oxidizing atmos- 
phere around the are which will prevent con- 
tamination of the metal in the arc by oxygen 
and nitrogen from the air. 

5. To provide a layer of slag for the protection of the 
molten metal in the weld pool. 

6. To provide a cup around the end of the electrode, 
concentrating and directing the arc. 

7. To introduce materials which will alloy with the 
weld metal. 

8. To insulate the sides of the electrodes, so that the 
are is concentrated on the tip. This is impor- 
tant when welding in a deep kerf or V-groove. 


The duration and frequency of short circuits are con- 
siderably lower with covered electrodes than with bare 
ones. 

Gas-producing coverings (cellulose) change the volt- 
age drop across the arc. Welding with such covered 
electrodes is equivalent to welding in an artificial atmos- 
phere. 
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Welding Arcs in Various Atmospheres 


Arcs in Hydrogen—Atomic Hydrogen Welding 


In connection with other experiments with atomic 
hydrogen Langmuir produced a 10-amp. d.c. are jy 
hydrogen between tungsten electrodes about 7 mm. apart. 
The potential gradient was 150 v. per cm., this being 
about 15 times the voltage gradient in nitrogen or oxygen, 
It is not possible to account for the dissipation of energy 
of 1500 watts per cm. length of are by ordinary heat 
conduction and convection. Langmuir showed that 
most of the heat was carried by diffusion of atomic 
hydrogen. 

This property of atomic hydrogen of being capable of 
carrying unusually large amounts of heat is utilized in 
atomic hydrogen welding. A jet of hydrogen is directed 
from a small tube into an arc and the atomic hydrogen 
is thus blown out, forming an intensely hot flame. Lang. 
muir estimated the temperature of the atomic hydrogen 
flame to be well over 4000° K. Wartenberg and Reusch 
found it to be 4600—4800° K. from spectroscopic measure- 
ments. 

In order to draw a welding arc in hydrogen, it is neces- 
sary to have an open circuit voltage of at least 120 y. 
According to Langmuir and Weinman the most satis- 
factory open-circuit voltage with a. c. is 350 to 400. 
In normal operation the drop across the arc is in the 
neighborhood of 80 v. A stream of hydrogen is blown 
through the are and the atomic hydrogen flame is directed 
toward the work. Sufficient hydrogen is used not only to 
surround each of the tungsten electrodes to their tips, 
but to form a blast which blows the atomic hydrogen 
against the work and bathes it in hydrogen. The use of 
hydrogen not only increases the speed of welding, but it 
produces a weld much superior to the weld produced in 
air. 


Arcs in Inert Gases 


Doan and Schulte report, ‘Stable welding arcs cannot 
be maintained in argon of 99.5% purity, when the elec- 
trode is clean, unless the open-circuit voltage is greater 
than 62 v. and the short-circuit current greater than | |() 
amp. In air or impurer argon, stable arcs form readily 
at currents and voltages far less than these minima. 

“No crater is formed under the iron are in argon. 
This condition results in a complete lack of penetration 
in the base metal. 

“The globules at the end of the electrodes grow gradu- 
ally to about '/, in. in diameter and detach under no 
apparent force except that of gravitation. Transfer oi 
metal takes place at the rate of about one every three 
sec., whereas in air the globules are much smaller and 
fall at the rate of 10 to 15 per second.” 

Deposits made in helium with steel electrodes are very 
similar to deposits made in argon. 

In nitrogen the weld deposits are similar in general 
appearance to those produced in inert gases. Porosity 
is somewhat decreased and the rate of melting of a bare 
electrode is more than twice the melting rate in air or 
inert gases at the same current and voltage. 

Steel welds in hydrogen show no true crater forma- 
tion, but considerable fusion into the plate. A crater 
is formed momentarily when the arc is struck, but as 
soon as any deposition of the metal takes place, the arc 
goes to the deposited metal rather than to the plate and 
the bead is built up by large drops quietly falling. The 
welds are extremely porous. 

One of the most important results of these investiga- 
tions was the observation that crater formation and pene- 
tration are not intrinsic properties of the iron arc, but 
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depend on the surrounding atmosphere. The cause of 
crater formation is not yet known. 


Magnetic Arc Blow 


The arc is a flexible conductor of electricity. Electro- 
magnetic forces acting upon this conductor will deflect it. 
This phenomenon is known as the magnetic blow. 

One factor determining the deflection of the arc is the 
actual path of the current through the work to the 


ground. The magnetic forces acting on the arc may also 
be modified by changing the magnetic paths across the 
joint with steel strips, starting plates, tack welds, weld- 
ing sequence, etc. The use of an external field produced 
by a permanent magnet, an electromagnet or a combina- 
tion of both will also be effective. 

The conditions which affect the forces acting on the 
arc vary so widely that it is impossible to make general 
recommendations for reducing these forces. Alternating- 
current power has been demonstrated to be a most effec- 
tive method of reducing magnetic arc blow, however. 


Physics of the Arc and the Transfer of Metal in 
Arc Welding 


Introduction 


HIS review is written with the purpose of providing 

the welding engineer and the research worker with 

a syllabus of the physics of the electric arc and ref- 
erences to the rather extensive literature of the subject. 
To keep this review within reasonable limits it is neces- 
sary to refrain from detailed discussions of theory as well 
as experimental evidence. In practice this means that 
in most cases only the condensed results and claims of 
the original investigators are stated without a detailed 
discussion of their experimental apparatus or the deriva- 
tions of their formulas. For these latter it is necessary 
to consult the original articles. 

The purpose of this review is to make the fundamental 
principles available and not to elaborate on applications. 
The latter are touched only as far as the fundamental 
principles involved are concerned. Only those papers are 
included in the bibliography which in the reviewers’ 
opinion contributed new facts or theories and not papers 
of purely expository or polemical character. After a 
general discussion of historical developments and _bibli- 
ography, the general physics of the arc is taken up from 
the experimental point of view. This is followed by a 
chapter on the theory of the electric discharges in gases 
and the are in particular. Special sections dealing with 
the forces acting on the electrodes and material transfer, 
alternating-current arc, probe measurements, arcs in 
artificial atmospheres and the magnetic blow complete 
the review. 


Historical and Bibliographical Notes 


The electric arc was discovered in 1809 by Davy, who 
drew an arc between two carbon electrodes. Half a 
century later the carbon arc was widely used as a source 
of light. Naturally numerous investigations were con- 
ducted to obtain information regarding the physical 
properties of this arc. Much of the research work was 
spent on problems that seem hardly relevant now. The 
behavior of the arc as a member of an electric circuit 
was studied in great detail. 

Edlund and Fréhlich found before the end of the last 
century that if the current of the arc was kept constant 
and the length of the arc was varied, the potential drop 
across the are was expressible by the formula V = a + Di, 
where / is the length of the arc, a and b are constants. 
Soon it was discovered that the term a represented the 
potential drop at the electrodes and the second term the 
drop across the are proper. Lecher (1887) introduced 
probe measurements and established the existence of the 
cathode drop and anode drop. 
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A great deal of work was spent on the exploration of 
the dependence of the potential drop V on the current #, 
or in short, the characteristic. 5. P. Thompson (1892) 
found V = a + 5dl/i, a and } constants, / the arc length. 
This formula was soon improved by H. Ayrton to V = 
a + 6l + (y + 4l)/i. The constants in Ayrton’s for- 
mula depend on the composition and size of the carbon 
electrodes and on the gas in which the arc is burning. 

Rapid progress started when J. J. Thomson and J. 
Stark proposed simultaneously (1903) the first theory of 
the arc based on the electron theory. The fundamental 
idea is that the hot cathode emits electrons which are 
drawn to the anode by the electric field. Positive ions 
coming from the anode or generated by collision of neu- 
tral atoms and molecules with the fast-moving electrons 
are accelerated in the opposite direction. When they 
reach the cathode their kinetic energy is transformed 
into heat. Thus the cathode is kept at a high tempera- 
ture and the electrons emanating from the cathode pro- 
vided positive ions on their way to the anode by collid- 
ing with neutral particles. A somewhat different ex- 
planation of electron emission was given by Child (1910) 
who assumed that electrons are liberated from the cath- 
ode directly by the impact of ions as they are in the 
case of a glow discharge. This latter view was eventu- 
ally discarded. 

The physics of the electric are is a branch of the phys- 
ics of electric discharges in gases. Various other 
forms of these discharges are known, such as glow, corona 
and spark discharges. The development of the are from 
these discharges, its various forms, and the conditions 
for the existence of these various forms of discharges 
have been studied since the beginning of the century. 

For a long time the interest centered on carbon arcs. 
Some work was done with mercury arcs in vacuum, but 
metal arcs were regarded only as a curiosity. Hagen- 
bach in his book on the electric arc published in 1918 
writes, ‘“‘Whereas the carbon arc as a source of light is of 
practical value, .. . up to the present our interest in the 
metal arcs is purely theoretical.’’ Nevertheless this 
statement was somewhat outdated at the time of its 
publication. More and more investigators turned to the 
electric arc including metal arcs and in the years im- 
mediately following the first World War the mechanism 
of electron emission, the theory of the anode and cathode 
drop as well as the origin of mechanical forces observed 
to be acting on the electrodes were the subjects of many 
investigations. New methods were devised for measure- 
ment of potential, temperature and other physical quan- 
tities. Much information about the mechanism of the 
are was gained by the study of the mercury arc, which is 
the arc of the simplest possible type. Great progress 
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was made in the 1920’s. The work of Stolt, Gunther- 
schulze, Langmuir, Compton and others led to a revision 
of the thermionic theory of Thomson and Stark. It was 
shown that in most cases the thermionic emission in 
itself can not supply enough electrons to maintain arc 
currents of the observed magnitude. 

Until about 1930, the interest of physicists was almost 
entirely confined to low-current arcs, usually not exceed- 
ing 30 or 40 amp. The results obtained could hardly be 
applied to modern welding arcs of 120-300 amp. Thus 
some work had to be done over again and new experi- 
mental equipment had to be designed for these high cur- 
rents. 

The principal new problem that had to be considered 
was the transfer of material in the welding arc. Most 
other welding problems are directly or indirectly con- 
nected with this, therefore, it is fitting to take up this 
recent subject in great detail. 

Several books written on the electric are or electric 
discharges in general are listed below. Some are of 
purely historical interest today, as»the results published 
in them have been supeseded and the interest has shifted 
to other phenomena than those considered important 
at the time of their publication. The modern physics 
of the electric arc is best available in the books listed 8 
to 12. These books deal with electric discharges in gases 
in general and only a few of their chapters are devoted 
tothe arc. The books listed under 9 and 12 were written 
partly for the engineer and contain a great deal of es- 
sential information concerning the welding arc. All 
these books have a fairly complete list of references to 
original publications. This makes it superfluous to in- 
clude a large number of references to papers published 
prior to 1925 in this article. An attempt has been made, 
however, to make the bibliography from that date as 
complete as possible. A number of articles included 
in the bibliography are both original and expository in 
character and contain further references.’ 15%, 16° 


Books 


Ayrton, H., The Electric Arc, London, 1902. 

Stark, J., Elektrizitat in Gasen, Leipzig, 1902. 

Thomson, J. J., Conduction of Electricity through 
Gases, Cambridge, 1903, 3rd ed., 1933. 

Hagenbach, A., Lichtbogen, Handbuch der Radio- 
logie, Vol. IV, Leipzig (1924). 

Child, C. D., Electric Arcs, New York, 1913. 

Leblanc, M., L’arc électrique, Paris, 1923. 


Experimentalphysik XIII .3, Leipzig, 1929. 

Seeliger, R., Physik der Gasentladungen, 2nd ed., 
Leipzig, 1934. 

Engel, A. von, and Steenbeck, M., Elektrische 
Gasentladungen, 2 vols., Berlin, 1934. 

Loeb, L. B., Fundamental Processes of Electrical 
Discharges in Gases, New York, 1939. 

Maxfield, F. A., and Benedict, R. R., Theory of 
Gaseous Conduction and Electronics, New York, 
1941. 

Cobine, J. D., Gaseous Conductors, New York, 
1941. 


The Physics of the Direct Current Arc 


Electric Discharges in Gases 


The conductivity of a gas in the normal state is only 
very slight. In order to produce any appreciable con- 
duction in a gas it is necessary to provide carriers of elec- 
tricity, i.e., electrons and ions. Such carriers can be 
provided, e.g., by ionizing the gas by means of X-rays 
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Seeliger, R., Die Bogenentladung, Handbuch der - 


or by providing electrons from a heated metal plate. 
Of all types of discharges in gases the most important 
ones are those which, once started, can continue to exist 
without a further external supply of carriers. 
discharges supply their own carriers. Their mechanism 
is roughly as follows. Electrons move under the accel- 
erating force of the field toward the anode and on their 
way ionize the neutral atoms and molecules of the gas 
by colliding with them. The positive ions so generated 
will be accelerated toward the cathode, the electrons and 
negative ions obtained will move along with the original 
stream of electrons. The positive ions will produce new 
electrons on or in the neighborhood of the cathode, either 
by collision with neutral gas atoms or molecules, or by 
striking the cathode itself and heating it, or by some other 
mechanism. The mechanism of electron production 
varies with the type of discharge, the important fact 
being that it is necessary to have a bipolar current, i.e., 
one carried by both positive ions and electrons. Other- 
wise the discharge could not be maintained without an 
external supply of ions. 

If a large number of charged particles travels between 
two electrodes held at fixed potentials the presence of 
the charged particles distorts the electric field. In a 
bipolar current the opposite charges could balance each 
other. Generally, however, this is not the case, as the 
amount of current carried by the positive and negative 
particles is not the same and their speed differs greatly. 
If the density of the net space charge is small the electric 
field between the electrodes is determined by the poten- 
tial difference of the electrodes.* Discharges of this 
type are known as Townsend discharges. Entirely dif- 
ferent phenomena manifest themselves if the space 
charge is so large that it dominates the electric field 
generated by the electrodes. The two important types 
of discharges of this kind are the glow discharge and the 
are discharge. There is a great deal of similarity in the 
physical condition of these discharges and certain general 
considerations obtain for both glow and arc discharges.” 
The fundamental experimental facts are that (a) both 
discharges have a sharp potential drop in the close neigh- 
borhood of the electrodes and a rather small field in the 
discharge proper; (b) the arc discharge and the glow 
discharge change into one another at proper pressures 
and currents, or in other words in a certain region of the 
E, t, p space the glow discharge is stable, in other regions 
the are discharge is so. 


The Arc Discharge 


It is difficult to give a definition of the electric arc that 
is altogether satisfactory, although one can ordinarily 
readily distinguish between an arc and another type of 
discharge. The difficulty lies in the transition types of 
discharges which are rarely observed, but which never- 
theless do exist. 

Whereas glow discharge is generally obtained at low 
pressures, a few millimeters of mercury or less, arc dis- 
charge appears at higher pressures. The current carried 
in a glow discharge is generally low, the voltage drop 
high, several hundreds of volts; the current in an arc 
discharge ranges from a few amperes to several hundreds 
of amperes with no apparent upper limit. The potential 
drop across an arc is generally of the order of 20-100 v. 
None of these factors is sufficient in itself to distinguish 
are discharge from glow discharge. Apparently the most 
obvious difference between the glow discharge and the 
are discharge is in the high temperature of the electrodes 
of the arc. It is, however, easy to show that the anode 
of the arc need not have a high temperature. Dntil 


These 


* Such discharges are classified in the German literature as Raumladungs- 
freie Entladungen in contrast to the other type, Raumladungsbeschwerte 
Entladungen. 
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about 1925 it was believed that the high temperature of 
the cathode was essential for the arc. Therefore the arc 
was defined by several writers as an electric discharge of 
high current with (at least) the cathode heated to in- 
candescence. This definition is not altogether tenable 
in view of evidence that will be discussed later. For 
practical purposes, however, we shall consider the hot 
cathode as an essential characteristic of the arc discharge 
and exceptions to this rule will be taken up separately. 
It is known that the cathode drop of a glow discharge is 
of the order of several hundred volts, whereas the cath- 
ode drop in an are discharge is of the order of 10 v. 
and depends on the material of the electrodes as well as 
on the surrounding gas. Compton'® proposed the follow- 
ing definition: ‘‘An arc is a discharge of electricity be- 
tween electrodes in a gas or vapor, which has a voltage 
drop at the cathode of the order of the minimum ioniz- 
ing or minimum exciting potential of the gas or vapor.” 

This definition covers a large variety of phenomena 
such as mercury arcs at a few centimeters’ pressure and 
carbon ares at atmospheric or even higher pressure. 
The mechanism of these arcs is different, in particular the 
process of energy dissipation distinguishes the high- 
pressure arcs from the low-pressure arcs. At atmos- 
pheric or higher pressures the gas in the positive column 
of an arc is at a temperature of 5000° K. or higher. The 
ions, electrons and gas atoms are in thermal equilibrium. 
In the low-pressure arcs such an equilibrium is not pres- 
ent. The gas temperature is of the order of a few hun- 
dred degrees centigrade, whereas the electron tempera- 
ture may be as high as 40,000° K." Consequently in a 
low-pressure arc only a small fraction of the energy is 
dissipated as heat through the positive column. Whereas 
the cathode drop of low-pressure arcs can be determined 
by means of suitable probes, the determination of cathode 
drop in high-pressure arcs leads to great difficulties. 

Suits proposes the following definition: ‘‘The high- 
pressure arc is the electrical discharge in a gas or a vapor 
in the range of pressure of one atmosphere or higher, 
which has as its principal mechanism of energy dissipa- 
tion the conduction and convection heat loss from the 
discharge column.’’} 

If the current of a glow discharge is increased, the 
cathode drop rises to maximum, then drops very suddenly 
as shown in Fig. 1. The cathode drop decreases suddenly 
when the cathode is heated to incandescence and a 
thermionic emission of electrons sets in. This transition 
from glow to are discharge occurs abruptly unless an 


t Private communication. 
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Fig. 1—Complete Characteristic of a Discharge According to 
Engel and Steenbeck” (Vol. 2, p. 120) 
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Fig. 2—Transition of a Glow Discharge Into an Arc Discharge 


extremely high series resistance and a correspondingly 
high source of emf. are used." 

The electrical behavior of the whole discharge is de- 
termined by the current-voltage relation 


V = f() (1) 


called the characteristic. V is the voltage drop across 
the electrodes, 7 the current. If the gas discharge cir- 
cuit consists of an emf. E and a series resistance R the 
external circuit characteristic is 
E= V+ Ri. (2) 
On Fig. 2 the curve represents the internal charac- 
teristic, the straight lines 1, 2 and 3 are the external char- 
acteristics for fixed E and varying R. The slopes of these 
lines are given by dV/di = —R. ‘The possible values of 
current and voltage are the intersection points. As K is 
decreased the line of the external characteristic is turned 
counter clock-wise and the system traces the curve from 
2 to z;. Reaching the point 2; the voltage suddenly 
drops and the system changes over to point 2. Start- 
ing at z2, however, it is possible to reach the point 23 by 
increasing R. Between z; and 23, however, the discharge 
is unstable and the complete transition cannot be ob- 
tained unless a larger emf. and a large resistance are 
used such as shown by line 4. The condition for sta- 
bility is that the external characteristic should be steeper 
than the internal characteristic, 1.e., 
< R's, 47, 135 (3) 
di 


This is easily proved from elementary principles. 

It would take us too far afield to report here on the 
transition of glow discharge into are discharge under 
various atmospheric conditions. 


Characteristics 


Due to its practical value to the illumination engineer, 
the current-voltage relation of the carbon arc has been 
the subject of a great many investigations around the 
turn of the century. However, the interest of these 
investigators was quite generally confined to the low- 
current arcs and as a consequence their results are hardly 
applicable to modern welding arcs. It is for this reason 
that this subject will not be treated in any detail. Refer- 
ences to original publications on this subject would fill 
over a page. The older references are mostly included 
in the reference books of Ayrton, Child, Hagenbach and 
Seeliger (see p. 8-s). 

It has long been noted that the potential drop across a 
carbon arc depends on the current i and on the length of 
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the arc /. Moreover, potential drop decreases with 
increasing current. Mrs. Ayrton carried out the most 
thoroughgoing research concerning characteristics and 
found the empirical formula 
(4) 

which describes the potential drop across a quiet (non- 
hissing) carbon arc with a fair degree of accuracy. The 
constants in this formula depend on the composition and 
size of the electrodes and on the arc atmosphere. For 
pure carbon of 1-cm. diam. in air, V = 38.98 + 0.207] 
+ (11.66 + 1.0541)/i, where / is measured in cm., 7 in 
amp. and V in v. The constants of Ayrton’s equation 
for other conditions are available in any of the reference 
books. 

A thorough study of the carbon-are characteristics in 
air, carbon dioxide, nitrogen and argon has been made 
by Kohn and Guckel.” Their investigation included 
the study of variation of characteristics with pressure 
within the range 0.06 to 5 atmospheres, current 5 to 60 
amps. 

Early in the century Duddell, Child and Steinmetz 
proposed modifications of Ayrton’s equation for arcs 
with different electrodes. Later Eddy*® tested Stein- 
metz’s equation, which is of the form 


c(l + 8) 
Vi 6) 


on carbon, copper, tungsten, zinc and magnetite elec- 
trodes. (a, c and 6 are empirical constants.) The 
ranges of current and pressure are not given, but appear 
from the graphs to be below 12 amp. and 4 atmospheres. 

Nottingham!” proposed an equation for metal arcs 
of constant length which is similar to Steinmetz’s, namely 


V=A + (6) 


In this equation A and B are constants dependent on the 
arc length and electrode material, m depends on the elec- 
trode material only. For carbon is nearly 1 in agree- 
ment with equation (4). From data pertaining to carbon, 
cadmium, copper, aluminum, nickel, silver, zinc, lead, 
antimony and bismuth electrodes Nottingham’ con- 
cluded that the empirical constant m is proportional to 
the absolute temperature of the anode, this temperature 
being identified with the boiling point of the element or 
its oxide, m = 2.62 KX 10-*74. To express the depend- 
ence of voltage on arc length Nottingham introduced a 
complicated equation with a large number of constants. 
The ranges of the physical quantities in Nottingham’s 
experiments were: current 1-10 amp., arc length 1-10 
mm., electrodes 12-mm. diam. 

Myer'® extended Nottingham’s results. He showed 
that equation (6) is valid not only for the total arc volt- 
age but also for the potential drop from the anode to any 
point in the plasma.* The constants A and B will de- 
pend on the distance of the point from the anode. 
Myer’s measurements were carried out on iron and copper 
electrodes 5 mm. apart with a current varying from 1.5 
to5.0amp. The potential in the plasma was determined 
by probe measurements and the logarithm of the po- 
tential difference from the anode was plotted against the 
logarithm of the arc current. A straight line was ob- 
tained. 

Anderson and Kretchmar*® measured characteristics 
of very short (0.005 to 0.4 mm.) low-current (2 to 12 amp.) 
tungsten arcs by separating electrodes at a uniform speed 
and recording voltage and current while the gap was 
lengthened. For an arc length of 0.4 mm. and for shorter 


~* Plasma or positive column is the arc proper with the exclusion of an ex- 
tremely thin layer adjacent to the electrodes. 
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Fig. 3—Characteristic of a Low-Current Carbon Arc!? 


gaps, when the current is 4 amp. or more, the charac- 
teristics are expressed by equation (6) with nm = 1.49. 

More recently Toniszewski and Maceijewski'® meas- 
ured characteristics of a large variety of low-current 
(0.6 to 3 amp.) metallic arcs including Cu, Mo, W, Ni 
and brass. Kotecki™ studied C, Cu, Fe and Al electrodes 
for the cases when both electrodes were of the same 
material and also combinations such as C—Cu, Fe-Cu, 
etc. (Current 1 to 24 amp.). On the basis of his experi- 
mental findings Kotecki criticizes Nottingham’s inter- 
pretation of m in equation (6) as theoretically unfounded 
and not supported by experimental evidence. A similar 
criticism based on experimental work with copper arcs 
was voiced by Suits’ and was answered by Notting- 
ham,'** who advanced objections to the validity of Suits’ 
experiments, but again failed to provide theoretical sup- 
port for his formula. Lately Suits'® introduced a new 
technique for measuring arc characteristics and applied 
his method to the carbon arc in nitrogen, hydrogen, he- 
lium and argon at 1—30 atm. pressure and to a number of 
metallic arcs in air, current 1 to 10 amp. The arc 
length is varied by means of a vibrator making 30 vibra- 
tions per second. The resulting 30-cycle component of 
the voltage is selected by a 30-cycle band-pass filter and 
recorded by an oscillograph. This arrangement meas- 
ures dV/dl, the arc gradient. The total voltage and 
current are recorded simultaneously. Suits observed 
the dependence of the exponent » on the composition 
and pressure of the arc atmosphere. The value of 1 
decreases with increasing gas pressure. 

Explorative measurements were made by the same 
author on copper arcs at high pressures up to 1275 atmos- 
pheres in nitrogen and helium.’ 

The most serious limitation of these results is that they 
are obtained on low-current arcs and are known to be 
false when the current increases beyond a certain point. 
Figure 3 will illustrate the situation for pure carbon elec- 
trodes. When the current is increased beyond a critical 
value, the arc changes into the so-called hissing arc. 
This phenomenon is accompanied by a sharp drop in 
potential. Further increase in current may result in 
an increase of voltage across the arc. Ayrton’s equation 
is valid for the quiet zone only. 


Potential Distribution in the Arc 


It has been known for long that the potential drop in 
an arc is not uniform but is approximately of the shape 
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Fig. 4—Potential Distribution in the Arc 


of the graph shown in Fig. 4. There is a sharp drop of 
potential immediately in front of the electrodes and a 
gradual and approximately linear fall in the arc proper. 
This was found to be the case regardless of the material 
of the electrodes used or the gas surrounding the elec- 
trodes. The potential drops at the electrodes are called 
the cathode and anode drop (c. d. and a. d.), respectively. 
These sharp potential drops are caused by the space 
charges which accumulate in front of the electrodes. 
An excess of positive ions moving toward the cathode 
over the electrons coming out of the cathode and moving 
in the opposite direction produces a net positive charge 
immediately in front of the cathode. This is called the 
cathode sheath. It does not mean that there are numeri- 
cally more ions arriving at the cathode than there are 
electrons leaving, but the ions are much slower and their 
density is thus greater. The quantitative theory of the 
space charges will be discussed under The Theory of the 
Arc. Here we restrict ourselves to the experimental 
facts. 

The potential distribution in the arc is generally meas- 
ured by the introduction of a small collector, the so- 
called probe, although some information can be obtained 
by measuring the dependence of the total potential drop 
on the are length. The probe technique will be discussed 
under Probe Measurements. Due to the lack of under- 
standing of the mechanism of the collector, the interpre- 
tation of most experimental results prior to 1923 led to 
erroneous values for the c.d. and a.d. Thus it is point- 
less to tabulate the values obtained by early investiga- 
tors, of whom perhaps Giintherschulze® and Child'® are 
the most outstanding. The former carried out a great 
many measurements with electrodes made of oxides of 
alkalies, alkaline earths and metals of groups 4 to 8 of 
the periodic system; the latter measured the potential 
distribution of carbon, zinc, iron and copper arcs. These 
and other investigations revealed that the c. d. varies 
within narrow limits with the current and tends to a 
definite limit with increasing current, this limit being 
almost always nearly equal to the ionization potential of 
the are atmosphere. Results concerning the anode drop 
did not lead to such a simple conclusion. Bramhall’ 
found that in the case of copper electrodes with moderate 
currents (7.5 A.) it is not legitimate to assume a potential 


distribution such as shown in Fig. 4, but that the po- . 


tential distribution is as shown in Fig. 5. This finding 
if substantiated would necessitate a revision of some c.-d. 
and a.-d. values as they were determined by linear ex- 
trapolation as indicated by the dotted lines. Bramhall 
also concluded, “‘The potential may not be the same 
throughout any sectional area. It may be higher or 
lower at the axis than toward the sides, depending on 
the position of the area considered relative to the elec- 
trodes. The c. d. is probably within the range 11 to 13 
v. which is comparable with the ionizing potential of 
copper vapor.” 
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Myer'” found that for copper and iron electrodes 5 
mm. apart in the current range of 1.5 to 5.0 amp. the 
potential drop is linear in the plasma, not such as shown 
by Bramhall. By means of probe measurements Myer 
determined the anode and cathode falls for a number of 
combination arcs of 5-mm. length and 2.5-amp. current. 
The results are shown in Tables | and 2. 


Table 1—Cathode Drops (in Volts) of 2.5-Amp., 5-Mm. Arcs. 
Electrode Diam. 12 Mm. According to Myer"? 


Anode Material 


Cathode Material Fe Cu Cc Ni Zn 
Fe 6.0 1.3 ‘ 8.3 10.8 
Cu 6.5 8.1 17.8 10.9 
& as 7.8 19.7 8.2 11.3 
Ni 6.4 13.7 7.8 10.1 
Zn 


Table 2—Anode Drops (in Volts) of 2.5-Amp., 5-Mm. Arcs. 
Electrode Diam. 12 Mm. According to Myer”? 


Anode Material 


Cathode Material Fe Cu te Ni Zn 
Fe 16.3 16.8 ca 16.7 11.7 
Cu 20.4 20.6 19.8 > 13.2 
5.3 5.8 §.7 6.1 
Ni 11.5 »s 11.2 11.7 9.3 


Conrady’’ carried out about 2000 well-controlled probe 
measurements on iron, copper and aluminum arcs, with 
currents varying between 50 and 250 A., voltages be- 
tween 32 and 45 v., are lengths between 6 and 24 mm. 
Conrady’s conclusion, contrary to Bramhall’s, is that the 
potential fall is linear through the plasma and the transi- 
tion from the c. d. to the plasma is abrupt, as shown in 
Fig. 4. It would seem that at least as far as the welding 
are is concerned Conrady’s conclusion is better founded 
than Bramhall’s. The values obtained by Conrady for 
anode and cathode drops of welding arcs are listed in 
Table 3. 

The second figure corresponds to larger currents. 
(Diameter of electrodes is 40 mm.) This table shows the 
well-established fact that the c. d. and a. d. vary only 
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Fig. 5—Potential Distribution According to Bramhall’ 
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Table 3—Cathode and Anode Drops of Welding Arcs Ac- 
cording to Conrady” 


C.-D. Volts 
16-17 
13-12 
14-13 


Electrode 
Iron 
Copper 
Aluminum 


A.-D. Volts 
6-9 
11-10 
11-10 


slightly with the current. On the other hand, total arc 
voltage and anode drop increase with increasing atmos- 
pheric pressure.”! 

The use of the probe technique for the determination of 
space potentials in arcs at atmospheric pressures is not 
entirely justified and can easily lead to biased results. 
Betz and Karrer® designed a different method of measur- 
ing the cathode drop. This method depends on the 
hypothesis that if electrical contacts are separated the 
voltage appearing at the instant of separation is the 
cathode drop of the resultant arc. ,It would appear that 
this voltage should include the anode drop. Actually, 
the anode drop appears only later and is set up so as to 
adjust the arc voltage to that available from the source. 
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Fig. 6—Dependence of Potential Drop on Current for Bare 
(b.) and Covered (cov.) Electrodes!** 
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By separating contacts at a known speed and measur- 
ing the change in voltage, the cathode drop can be ob- 
tained. By the use of this method Fett** measured the 
cathode drop of copper arcs in the range of 0.1 mm. Hg 
to atmospheric pressure and a number of other arcs at 
atmospheric pressure. The cathode drop of the copper 
arc was found to be independent of the current and the 
open-circuit voltage in the range of 0.5 to 10 amp. and 
8 to 230 v. It increases with pressure from 8 (0.1 mm. 
Hg) to 13 v. (atm.). The cathode drops obtained at 
atmospheric pressure are listed in Table 4. 


Table 4—Cathode Drops Obtained by Fett” at Atmospheric 


ressure 


Electrode 


Aluminum 

Silver 

Copper 

Iron 

Platinum 

Mild steel (coated welding rods) 


C.-D. Volts 
11.2 
12.5 
13.0 
13.4 
17.0 
10.1-10.9 


WELDING RESEARCH SUPPLEMENT 


COPPER 
TOTAL VOLTAGE 


— 


POTENTIAL DROP 


b.FCOV 


b=COV = 


8 


A.D. 


200 50A 


50 150 
Cc 


URRENT 


Fig. 7—Dependence of Potential Drop on Current for Bare (b.) 
and Covered (cov.) Electrodes'** 


The cathode drops measured by the separation method 
do not agree very well with the cathode drops as measured 
by means of probes, except for copper. The justification 
for identifying the initial voltage of separated contacts 
with the cathode drop of an arc already in the state of 
thermal and electrical equilibrium is open to doubt. 

ROll’ investigated the dependence of the total arc 
voltage, cathode drop and anode drop on the current and 
the arc length using welding arcs with mild steel, copper 
and aluminum electrodes of 4-mm. diam. The arc 
length varied between 6 and 16 mm. The cathode drop 
shows a remarkable constancy. All values obtained 
were in the neighborhood of 14.5 v. regardless of the 
current, arc length or the composition of the electrode. 
The anode drop, on the other hand, rises with the current 
(Figs. 6, 7 and 8) and shows a marked difference for dif- 
ferent electrodes. The anode drops are in the same order 
as the heat conductivities of the respective metals (Fig. 
9). Anode drop and cathode drop are shown to be inde- 
pendent of the arc length. The total potential drop is a 
linear function of the arc length, thus Fréhlich’s equation 
is valid for the welding arc. 
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Fig. 8—Dependence of Potential Drop on Current for Bare (b.) 
and Covered (cov.) Electrodes!** 
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Fig. 9-Potential Drop in Arcs with Bare Steel, Copper and 
Aluminum Electrodes'** 


The Cathode Spot 


The essential feature of the arc is the emission of elec- 
trons from the cathode, which produces sufficient ioni- 
zation of the surrounding gas to give a positive space 
charge just outside the cathode. This space charge 
creates the cathode drop and thus permits a large, elec- 
tron emission at relatively low voltage. 

In all arcs, except those in which the cathode has a 
small area and cannot lose heat rapidly by conduction, 
the current at the cathode is concentrated in a small area, 
the cathode spot. In the case of carbon the cathode 
spot is stationary—a well-known experiment shows that 
an attempt to move the cathode spot by moving the 
anode results in the extinguishing of the arc. In some 
metal ares, e.g., Cu, Hg, the cathode spot wanders rapidly 
over the whole tip of the cathode. 

The measurement of the size of the cathode spot is 
very difficult. Fairly accurate determinations have been 
made on the carbon arc where the spot is stationary. 
When the arc is short, radiation from the anode disturbs 
the conditions at the cathode. Giintherschulze® has 
shown that if this influence of the anode is eliminated 
the area of the cathode spot of the carbon arc is propor- 
tional to the current, the current density being 470 A./- 
cm.2 This result was obtained with arcs of 1.5 to 10 A. 
total current. There is reason to believe that within 
the limitation due to the size of the electrodes the area of 
the cathode spot of a metallic arc is also proportional to 
the total current, thus giving a constant current density, 
provided the anode is not too near. Cathode current 
densities of various arcs are tabulated in text-books.": 

The cathode spot is observed by means of the light 
radiated from it and it appears as a bright spot with a 
fairly sharply defined boundary. Although the bright 
spot is the hottest part of the cathode, the cathode spot 
is thermally not so sharply defined as it is optically. 
Seeliger™ solved the equations of heat conduction under 
the assumption that heat is liberated at a constant rate 
per cm.” at a fixed circular area. The steady tempera- 
ture distribution is shown by curve T on Fig. 10. The 
visual brightness L is proportional to a high power of 7 
and is given by the empirical relation 


_11230_* 
5.367 — In L 
From this, and assuming that the maximum tempera- 
ture is T = 3000° K., the visual brightness curve is as 
shown by curve L. Thus as seen by the eye the cathode 
spot is sharply defined. Electrically, however, it is 


T= 
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neither the temperature nor the brightness, but the 
thermionic emission which is important, and this may 
be calculated from Richardson’s equation J = AT’/2e-%/T 
Taking 6 = 60,000 for carbon, this leads to curve J. 
Thus electrically the spot is sharply defined and some- 
what smaller than the visual spot. 

In the case of metallic arcs whose spot wanders rapidly 
the situation becomes very complicated, as the distribu- 
tion of the temperature is no longer stationary. The 
temperature drop about the instantaneous cathode spot 
is steeper, the smaller the heat conductivity of the elec- 
trode.” In some cases the spot moves around so rapidly 
that the time available for heating the cathode does not 
seem sufficient to raise it to the temperature which is 
necessary to account for the observed electron current 
according to Richardson’s formula. 

Estimates of the velocity of the cathode spot wandering 
spontaneously on the metallic cathode, e.g., mercury, 
varied greatly. Even if the average velocity of such 
erratic motion were known it could hardly serve as a 
basis of computation for the maximum rise in tempera- 
ture. 

The temperature of the cathode spot is not very ac- 
curately known. A few values are collected in Table 5. 

The temperature of the cathode spot of the mercury 
arc led to a great deal of controversy. Some investiga- 
tors*’ estimated this temperature as high as between 
2000° and 3000° K. Seeliger' computed it from the 
rate of evaporation of mercury and found a lower limit of 
673° K. There is evidence, however, that even this 
value is too high," a fact which is not surprising consider- 
ing that the boiling point of mercury at pressures of 
mercury arcs is approximately 300° K. Inasmuch as 
the mercury arc is not our primary interest we omit the 
details. It is, however, necessary to note that the mer- 
cury arc is the simplest arc possible in the sense that the 
material of the electrodes and the arc atmosphere is the 
same. The study of the mercury arc has greatly contri- 
buted to the understanding of more complicated arcs. 

At the time when belief in the universal validity of the 
thermionic theory of the arc was not yet shaken, a number 
of physicists believed that the temperature of the mer- 
cury or copper at the cathode spot could rise considerably 
above the boiling point corresponding to the pressure of 
the surrounding atmosphere. This possibility was attri- 
buted te an excess pressure at the cathode spot and a 
corresponding rise of the boiling point.*’ Later experi- 
mental evidence, however, made these assumptions un- 
tenable. 


Fig. 10—Temperature (7), Visual Brightness (L) and Thermionic 
ission (J) of the Cathode Spot According to Seeliger'** 
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Table 5—Temperature of the Electrodes in ° K. 


Are 


Carbon 
Carbon 
Carbon 


Cathode 
3413 


2900-3600 


Tron 

Tron 
Copper 
Tungsten 
Nickel 
Aluminum 
Zinc 
Magnesium 


2720 
2430 
Less than 1000 
3000 
2365 
Same as anode 
2350 


3000 


2485-2605 
2430-2450 
4150-4250 
2430-2450 
3350-3450 
2350 
3000 


Reich 
Kohn and Guckel 
Various authors 


Doan 

Hagenbach and Langbein 
Hagenbach and Langbein 
Hagenbach and Langbein 
Hagenbach and Langbein 
Hagenbach and Langbein 
Hagenbach and Langbein 
Hagenbach and Langbein 


Author Reference 


Phys. Zeitsch., 7, 73 (1906) 
Zeitsch. f. Phys., 27, 305 (1924) 
Hagenbach, Handb. d. Rad., IV, 
387 (1924) 

Trans. A.I. E. E., 49, 723 (1930) 
Arch. d. Sciences, 1, 48 (1919) 
Arch. d. Sciences, 1, 48 (1919) 
Arch. d. Sciences, 1, 48 (1919) 
Arch. d. Sciences, 1, 48 (1919) 
Arch. d. Sciences, 1, 48 (1919) 
Arch. d. Sciences, 1, 48 (1919) 


Stolt produced arcs whose cathode spots were moving 
at a considerable speed. The first arrangement consisted 
of two concentric rings as electrodes between which the 
arc was drawn. A magnetic field sent the are rotating 
around the rings.’ In another experiment the are was 
drawn between a rotating copper disk as a cathode and a 
stationary copper rod as an anode." The‘velocity of the 
cathode spot was controlled. Stolt and Seeliger' com- 
puted the maximum possible rise in temperature of the 
cathode and came to the conclusion that the tempera- 
ture of the copper cathode is as low as several hundred 
degrees centigrade. They also concluded that the tem- 
perature of the cathode spot of the mercury arc is of the 
same order of magnitude. At these temperatures the 
thermionic electron current is negligible. Stolt’s experi- 
ments and their conclusions created a serious difficulty 
for the thermionic theory of the arc and provoked a great 
deal of controversy. According to Giintherschulze™® 
the computations of Stolt and Seeliger were in error and 
the cathode spot of the rotating arc reaches a high local 
temperature for a very brief period of time. In 1927 
Compton was of the opinion that Giintherschulze’s 
conclusions were justified. 

Stolt defended his conclusions with new computations 
and experiments’ and his work was confirmed by other 
investigators.“* Ramberg!’ repeated Stolt’s experiments 
and carried out several new ones to clear up the uncer- 
tainty of the temperature of the mercury cathode. These 
experiments were conclusively in favor of the existence 
of cold cathode arcs. Ramberg found that the assump- 
tion of a high local pressure at the cathode spot of the 
mercury arc is incorrect. His spectroscopic observation 
of the cathode spot also showed that under carefully 
controlled experimental conditions the continuous spec- 
trum, which was believed to be indicative of the high 
temperature, is not present. 

The disagreement among investigators about the tem- 
perature of the Cu and Hg cathode persists up to the 
present day. Quite recently Loeb** suggested that the 
reason of this disagreement is the fact that the tempera- 
ture of the cathode is not well defined. ‘“‘It is quite 
legitimate to ask whether one can properly speak of 
temperature in the welter of incoming ions, outgoing 
atoms and rapidly moving surface atoms in an atmos- 
pheric gas.” 

Whereas in the case of carbon and tungsten (probably 
also calcium and magnesium) the thermionic emission 
is sufficient to provide electrons, in the case of copper, 
mercury, gold and silver another mechanism is respon- 
sible for the liberation of the electrons. Materials be- 
longing to the first group do not permit a rapid move- 
ment of the cathode spot and easily permit a reignition 
of an a. c. or interrupted arc. Metals belonging in the 
second group permit a rapid movement of the cathode 
spot, and do not function as electrodes of an a.-c. arc. 
Other metals such as iron, aluminum, zinc, nickel and 


14-s 


WELDING RESEARCH SUPPLEMENT 


Arch. d. Sciences, 1, 48 (1919) 


brass show properties intermediate between these ex- 
treme groups.'*: 


The Anode 


If the current of an arc is not too low there is no particu- 
lar current-carrying spot on the anode. The current 
is distributed over the entire tip of the electrode. There 
is nothing resembling the cathode spot on the anode and 
the role of this electrode in the arc is somewhat subordi- 
nate. The potential drop in front of the anode is due to 
a space charge similar to the cathode sheath. To the 
electrons coming from the cathode the electrons emitted 
from the anode are added and provide a negative space 
charge in the neighborhood of the anode. The anode 
drop is, however, not so characteristic of the electrode 
and the surrounding atmosphere as the cathode drop. 
(For values of the a. d. see pp. 11-s and 12-s). 

It is well known that a high temperature of the anode 
is not necessary for the maintenance of the arc. Never- 
theless the temperature of the anode is high in all arcs 
which are of practical interest. Above a certain minimum 
current density (30 amp./cm.’) the temperature of the 
anode of a carbon arc is independent of the arc length 
and current. Lummer concluded that the anode is at 
the boiling temperature. This conclusion was verified 
by the experiments of Kohn and Guckel™ who observed 
the carbon are at pressures ranging from 0.06 to 5.0 atm. 
and at currents ranging from 5to60 amp. The tempera- 
ture of the anode was determined from the surface 
brightness, and the values at varying pressures were 
found to satisfy the thermodynamic relation for boiling 
temperatures, i.e., the Clausius-Clapeyron formula. In 
air at one atm. J = 4200° K. The replacement of air 
by carbon dioxide, nitrogen or argon causes no change of 
the temperature. Lummer’s hypothesis was also con- 
firmed by Pierucci,''’ who measured the anode tempera- 
ture by a spectroscopic method. 

The anode temperatures of metallic arcs were measured 
by Hagenbach and Langbein®’: by an optical pyrometer. 
For current intensities not too small the anode is heated 
to the boiling point of the metal or metallic oxide if the 
chemical conditions are such that an oxide layer is formed 
on the electrode. For numerical results see Table 9. 
An aluminum anode when measured in a nitrogen atmos- 
phere gave a temperature 1000° C. lower than in air. 
The high temperature in air (3350-3450° K.) is attrib- 
uted to the oxide layer. Copper, iron and_ nickel 
anodes showed no difference in temperature when meas- 
ured in a nitrogen atmosphere. 

Nottingham'® found an empirical relation between 
voltage, current and anode temperature of the metal arcs. 
He assumed that the anode material is heated to the 
boiling point. However, the identification of an ex- 
ponent in his formula with the anode temperature was 
disputed by others (see p. 10-s). 
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The Temperature of the Arc Plasma 


The region between the cathode drop and the anode 
drop is the are proper, often called the plasma or positive 
column. Early temperature determinations of the 

lasma depended on observations of the total intensity 
of the light radiated from the arc or on probes introduced 
in the arc. The results of these older measurements, or 
rather estimates, yield such widely divergent results as 
2070 to 6000° K. for the carbon arc. Even the rather 
ingenious method of Mathiesen®* led to results that are 
certainly inconsistent with present knowledge. 

In order to clarify the concept of temperature of the 
are or an electric discharge in general it is necessary to 
remember that the temperature is the measure of the 
mean kinetic energy of the particles. The positive column 
of an electric discharge contains electrons, ions, atoms 
and molecules. Each group of these particles may possess 
a different kinetic energy, so one has to distinguish be- 
tween electron temperature, ionic temperature and gas 
temperature at the same point unless the different groups 
of particles are in thermal equilibrium.” In fact, low- 
pressure arcs are known not to be in thermal equilibrium. 
In the absence of information on the thermal equilibrium 
in arcs at atmospheric pressures, Engel and Steenbeck*: “ 
believed that the spectroscopic determination of the 
temperature gives only the temperature of the excited 
atoms and molecules. These form a biased sample from 
the population consisting of all gas atoms and molecules; 
thus the temperature obtained by a spectroscopic method 
is too high. Engel and Steenbeck measured the density 
of the gas in the are by the absorption of X-rays and 
computed the temperature from the gas law. After 
correcting for dissociation they found that for a copper 
are of 5 to 20 cm. in length, at a current of 2 amp., 7 = 
4600° + 350° K. in air and 5300° + 350° K. in nitro- 
gen.** The technique of this type of measurement was 
later improved by the use of alpha particles in place of 
X-rays. 

Ornstein and his students": determined the tem- 
perature of the gas in the carbon are by measuring the 
intensities of the lines of the CN band spectra. The 
violet kernel of the carbon are gave a temperature of 
6500° K. + 300° K. Cored carbons gave a lower 
value.” The measurement of intensity distribution in 
the bands of Cs by ter Horst and Krygsman® gave 7 = 
6000° K. 

Ornstein’s work is of great importance as he has shown 
that at atmospheric pressures particles in the plasma of 
the are are in thermal equilibrium.'"' This result was 
obtained by observation of the intensities of the lines of 
the molecular spectra. The intensity of radiation in a 
given state depends on the energy distribution, and Orn- 
stein has shown that the observed intensities are in agree- 
ment with those calculated from a Boltzmann distribu- 
tion. 


Suits’, 15° determined the arc temperature by 
means of sound velocity measurements. The sound 
wave was generated in the arc by means of aspark. The 
original receiving device was eventually replaced by 
photographing the propagation of the wave front by a 
high-speed camera.'®* The results are listed in Table 6. 

In addition to Ornstein a number of investigators 
studied the problem of thermal equilibrium in the arc at 
atmospheric pressure. Mannkopf® measured electron 
temperatures by means of the line spectra of elements 
(Ca, Mg) added to the are and found that the electron 
temperature in the carbon arc is at most 6400° K. 

The difference between electron temperature and gas 
temperature was calculated from the degree of ionization 
as less than '/; of 1% of the electron temperature, i.e., 


Table 6—Arc Temperatures According to Suits! 


Temp., Electrode Diameter Current, 
Are  - In. Mm Amp. 
Cu 4050 Not given 3-26 
Cored projection C 5500 5/16 8 i) 
NaCl cored C 4740 Not given 13 
Al cored C 6160 5/16 S 43 
W cored C 6220 40 
W 5950 I/, 6 5.5 
W 6440 9.5 25 
W welding arc 6150 avg. i/s 3.3 80 
Coated Fe welding are 6020 avg. 3/16 4.5 125 


about 20° C. Thus the thermal equilibrium in the arc 
is almost perfect. Using the degree of ionization of the 
elements admixed to the carbon arc for the computation 
of the temperature, Mannkopf found the limits 6000° 
and 8000° K. All this is in good agreement with Orn- 
stein’s results. 

Mannkopf and Witte’: '’* investigated the question 
of thermal equilibrium by studying the extinction of the 
arc. If the lines in the spectrum of an arc are excited by 
high-temperature electrons not in equilibrium with the 
neutral gas, their intensity will drop to zero in less than 
3 X 10~° seconds after the field has been removed. If, 
however, the excitation is due to an equilibrium process 
the spectral intensity will decay at a slower rate, deter- 
mined by the thermal time constant of the are gas. 
When an arc is short circuited and its spectrum is studied 
for the rate of decay of the lines it is found that all lines 
in the positive column decay as would be expected from 
the assumption of thermal ionization. If a sudden drop 
of intensity takes place at all, this cannot exceed 1.5% 
of the total intensity. In the cathode region there are 
some pure field excitation lines originating from high 
energy and some lines which are partially field excited. 

Several authors estimate the time necessary for the 
establishment of thermal equilibrium in the are at 0.001 
sec.)59 

Hérmann™ calculated the radial distribution of tem- 
perature in a 10-amp. carbon are by measuring the radial 
distribution of the total radiation and using the value of 
6350° K. as the maximal temperature. 


The Theory of the Arc 


Motion of Charged Particles in Gases 


An electric discharge in the presence of considerable 
space charges is a very complicated phenomenon. The 
simplest case of this type of a discharge is an electron 
current between electrodes in high vacuum such as is the 
case in electron tubes. The presence of moving electrons 
between the electrodes distorts the field; thus not only 
the motion of the electrons depends on the field but the 
field will depend on the motion of the electrons. The 
potential V must satisfy Poisson's equation 

AV = —Arp (7) 
where the space charge density p can be computed from 
the current density 7 and the velocity of the electrons », 
namely, 7 = pv, thus 

p= 1 v (S) 
If the electrons leave the cathode with 0 velocity and do 
not lose any of their kinetic energy through collisions, 
which is the case in vacuum, 

= eV (9) 


For discharges between parallel plates these equations 
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were solved by Child" and Langmuir.’* They lead to the 
well-known formula” 


for the maximum current density 1 between two parallel 
plates of distance d with a potential drop V. Similar 
results were obtained for electrodes of other shapes.* 
Regardless of electrode configuration the maximum cur- 
rent density in vacuum is proportional to the 1.5th power 
of V." 

For a bipolar current the space charge can be computed 
as follows: Let i_ be the current density carried by elec- 
trons and v_ their velocity. The total negative charge 
density is as before p_ = i_/v_. Let 14 and vy have 
similar meanings for positive charge carriers, then py = 
i,/v4. The total current density is 7 = i, + 1 and 
the density of space charge 

p = px — p— = 14/04 — (11) 

The equation of kinetic energy (9) is replaced by two 
equations, one for ions and the other for electrons. It is 
not possible to solve these equations without knowing the 
ratio of 1, to i and the ratio of masses of the electrons 
and ions. Langmuir: * computed the relative increase 
of the electronic current over the value given by equation 
(10) in the presence of a positive ion current. The re- 
sult depends on the quantity a = 14/i-(m,/m_)'” 
and is derived under the assumption that no recombina- 
tion takes place. 

The principal difficulties of the theory arise from the 
facts that the discharge does not take place in vacuum 
and that the carriers of the discharge are not supplied 
by some external agency but are generated by the inter- 
action of the moving carriers and the neutral gas or the 
electrodes. The presence of a neutral gas interferes with 
the motion of the electrons and ions. If the effect of 
collisions is not negligible it is no longer possible to write 


v = V2Ve/m. The average velocity of the electrons 
will depend on the mean free path of the electrons and 
on the exchange of energy at the time of a collision. This 
can be taken into calculation. The final and most im- 
portant difficulty is, however, that the supply of the car- 
riers of electricity depends on the motion of the carriers 
themselves. This is the case whether new carriers are 
provided by collisions of electrons and ions with neutral 
molecules of the gas, or by emission from the electrodes 
due to the impact or heating effect of the ions arriving 
at the electrode. In order that the discharge be stable 
the number of new positive and negative charge carriers 
produced in the discharge and on the electrodes must be 
equal to the number of such carriers neutralized in the 
discharge and on arrival at the opposite electrode. This 
is, however, not sufficient, as the arc must be not only in 
electrical equilibrium but also in thermal equilibrium. 
The heat generated must be equal to the heat dissipated. 
Electrical and thermal equilibrium of the are are not in- 
dependent as a disturbance of the thermal equilibrium, 
e.g., the cooling of the cathode causes a change in the 
emission of electrons and thus a change in the electrical 
balance. On the other hand a change in the current or 
voltage causes a change in the amount of heat produced 


per second and thus shifts the thermal balance.”: ©: 47. 
133, 134, 135 


Theory of the Current at the Cathode 


According to the classical theory of Thomson the arc 
is characterized as a discharge with a hot cathode with 
the resulting thermionic emission of electrons. The 
thermionic current density will naturally depend on the 
material and the temperature of the cathode. Theoreti- 
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cally at least it could be calculated from Richardson's 
equation: 

I = AVTe-"/T (12 
where A and 6 are constants of the material. These 
constants are fairly well determined for most materials.® 
Practically, however, such a computation led to widely 
divergent results by different investigators and resulted 
in the publication of a number of papers of polemical] 
character. 

The principal subject of the discussion was whether or 
not the thermionic emission was the chief supply of elec- 
trons. One of the earliest critics of the thermionic 
theory was Brauer* who concluded in 1919 from his own 
experiments and from computations based on observa- 
tions of others that in the case of the carbon and the 
mercury arc the thermionic current is only '/, to 12° 
of the total are current. According to Brauer, Richard- 
son’s formula and the estimated temperature of the 
cathode, which was probably far too low, account for 
less than 1% of the observed current for a tungsten arc. 
As the electronic current is undoubtedly higher than this, 
Brauer concluded that. most of the electrons leaving the 
cathode are liberated by the impact of the oncoming ions 
in accordance with an earlier theory of Child."' In order 
to make this theory quantitatively feasible he had to 
assume that the work function, i.e., the energy necessary 
to liberate the electron from the metal, is lower at high 
temperatures. For this there is no experimental evi- 
dence or theoretical foundation. 


Table 7—Electron Emission According to Compton'' 


Current Density, Amp./Cm.? 


Temp., ° K. Carbon Lime Impr. Carbon 
2700 1.9 500 
3000 13.2 2390 
3140 26.7 4400 


Compton" pointed out several errors in Brauer’s com- 
putation and showed that Richardson's equation leads 
to entirely different current densities if the electrodes are 
not pure. Table 7 shows the current densities of pure 
carbon and lime-impregnated carbon electrodes com- 
puted from Richardson’s formula. The emission values 
for carbon were obtained by Langmuir for carbon as 
pure as could be obtained and with great care to avoid 
contamination. Such purity is impossible in arc carbons 
and the impurities increase the emission considerably. 
Compton concluded that in the case of the carbon arc 
“much and possibly practically all of the arc current is 
simply thermionic emission of electrons from the cathode. 
Similarly, in the case of the tungsten arc in air, the 
thermionic emission at the temperature of the cathode 
spot is adequate to account for the arc current... . 

Nevertheless, one has to avoid a sweeping generaliza- 
tion, as this certainly cannot apply to the mercury arc 
and to the cold cathode arcs observed by Stolt. Early 
attempts to explain Stolt’s results by postulating iso- 
lated hot spots on the cathode have failed. Moreover 
the thermionic theory led to difficulties when the energy 
balance of the cathode was considered (see p. 19-s). 
After showing that positive ions striking the cathode do 
not cause appreciable electron emission by direct impact 
Langmuir™ suggested that the high field in front of the 
cathode is instrumental in increasing the electron supply 
by pulling electrons out of the cathode. This idea was 
further developed by Compton and others in connection 
with energy considerations. The influence of the field 
on electron emission can be summarized as follows. 
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According to the thermionic theory, in order to escape 
from the metal the electron must have enough kinetic 
energy to overcome the work function. The heat of 
liberation of electrons calculated from this assumption is 


too high. In the case of accelerating fields the energy 
necessary to remove an electron is actually less than e¢. 
This is known as the Schottky effect.” '". An escap- 
ing electron does not pass a wall-like potential barrier 
at the surface of the metal but is attracted back toward 
the metal by a force due to the induced positive charge 
on the metal surface. This force F(x) is e?/4x° if the 
electron is at a distance x, which is large compared with 
atomic distances. The approximate shape of F(x) is 
shown in Fig. 11. The work function is given in terms 


of this force 
o- f F(x)dx (13) 
0 


In the presence of an accelerating field £ there is a criti- 
cal distance x) from the surface at which the resultant 
force vanishes. At this point F(x) = eE. The ac- 
celerating field & reduces the work which must be done 
by an electron, in order to escape, in two ways: (1) the 
integration on the right side of equation (13) needs to be 
carried out only to a distance x» instead of to infinity, 
since once past x» the electron has escaped; (2) the force 
which has to be overcome is not F(x) but F(x) — Ee. 
The work which must be done by an electron is thus only 


xo 
ed’ = Z (F(x) — Ee)dx. (14) 
0 
This reduces to 

which according to the Schottky theory is the minimum 
energy the electron must possess in order to escape.” 
This theory accounts for the phenomena observed in 
moderate accelerating fields. In high accelerating fields 
electrons having even less energy than ¢’ escape. This 
cold emission can be explained on the basis of the new 
quantum statistics of Fermi and Dirac. According to 
this theory electrons may leak out through a potential 
barrier in the presence of an accelerating field outside 
even if they possess less energy than necessary to bring 
them to the highest point of the potential barrier.**. 
104, 10) 

The new statistics also requires a modification of the 
formula for thermionic emission, i.e., equation (12) is 
replaced by": 38 

I = A'T*e-*/T (15) 
Current densities derived from this formula are of the 
same order of magnitude as those derived from equation 
(12). Neither formula accounts for the electron current 
at the cathode of copper and mercury arcs. 

The electric gradient at the cathode depends on* the 
cathode drop and the thickness of the cathode fall space. 
MacKeown" computed the field at the cathode spot of 
the mercury are from Langmuir’s theory. The result 
depends on the proportion of current carried by positive 
ons. This proportion is not known, but if it is assumed 
to be between 5 and 30%, the electric field is between 5 X 
10° and 1.3 X 10° v. perem. Such a field is sufficient to 
produce an electronic current of the order of the observed 
one. 

A great deal of confusion was cleared away when it 
Was recognized that there are two fundamentally different 
types of arcs, the thermionic and the non-thermionic arcs, 
respectively. In the case of a group of materials which 
includes carbon, tungsten and perhaps also calcium and 
magnesium, the thermionic current density is of the order 
of 10° to 10‘ amp./em.? In the second group, which in- 
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Fig. 11—Forces Acting on an Electron Escaping from Metal 


cludes mercury, copper, silver and gold,''*: '® this quan- 
tity is only of the order of to 10-' amp./cem.2_ The 
two groups are distinguished by the behavior of the 
cathode spot also. In the first group the cathode spot 
appears fixed, an attempt at moving it rapidly invari- 
ably results in the extinction of the arc. Electrodes of 
the second group permit rapid motion of the cathode 
spot''® (see p. 14-s). These non-thermionic arcs were 
called high-field arcs by many authors, as about 1930 the 
difficulties of the high-field-emission theory had not yet 
become apparent. Discharges between iron, aluminum 
and other electrodes are combinations of thermionic and 
high-field ares. 

Seeliger and his students’: ’ attacked the problem 
from a new point of view. They observed the transition 
of a glow discharge into an arc discharge while controll- 
ing the temperature of the cathode. The current at 
which the discharge changed from a glow discharge into 
an arc discharge was observed for various pressures rang- 
ing from 100 to 700 mm. Hg, and are lengths varying 
from 1 to4 mm. The dependence of the critical value 
of the current on arc length and cooling rate was found 
to be fundamentally different for copper electrodes and 
tungsten electrodes, thus confirming the hypothesis that 
the mechanism of these arcs is entirely different. By a 
suitable cooling arrangement it was possible to prevent 
the tungsten cathode from reaching a temperature neces- 
sary for thermionic emission and still obtain an are dis- 
charge. A detailed computation shows that the cathode 
temperature can be kept at about 100° C. The current 
density at the cathode of this new non-thermionic dis- 
charge between tungsten electrodes is of the order of 10° 
amp./cm.? It would be plausible to assume that a high- 
field arc has been obtained were it not for the low-current 
density. 

Becken and Seeliger*® solved the potential equation for 
the cathode fall under the assumption that both electrons 
and ions traverse the fall space without collisions, and 
that the electrons traverse the fall space freely but that 
the ions are subject to inelastic collision. Both assump- 
tions led to the conclusion that in order to maintain a 
cathode drop necessary for high-field emission a current 
density of the order of 10‘ amp. is required. A similar 
result was obtained earlier by Slepian and Haverstick.' 
Such currents do exist in the ordinary high-field copper 
are but not in the artificial, non-thermionic tungsten arc. 
Thus the simple classification of arcs into thermionic 
arcs, high-field arcs and mixtures of these two types 
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broke down, since the cold tungsten arc could not be 
considered a high-field arc. The results of Mason and 
Liidi concerning the cathode drops of the ‘‘cold cathode’”’ 
arcs (see p. 19-s) also led to the conclusion that the high- 
field emission theory cannot consistently explain the 
electron emission. 

Then Becken and Sommermeyer' repeated the experi- 
ments described by Becken and Seeliger and extended 
their scope so as to include arcs at low pressures. Pre- 
vious results concerning the existence of cold-carbon 
and tungsten arcs were verified. Under certain condi- 
tions (cooling) these can be maintained in a wide range 
of pressures. However, if the cathode is allowed to heat 
up the are changes into the thermal type with an in- 
crease of potential drop which is greater, the lower the 
pressure. This process is not reversible if the electrodes 
are pure and the are burns in an inert atmosphere. Con- 
taminations of the cathode or the presence of oxygen, 
however, make a change from the thermionic to the 
non-thermionic are possible. As little as 1% of oxygen 
in the arc atmosphere is sufficient to make such a transi- 
tion possible. Becken and Sommermeyer concluded 
from these experiments that the existence of a tungsten 
are with an erratic cathode spot depends on a gas layer 
on the cathode. Once the gas is removed by evapora- 
tion only the thermionic arc is stable. The gas layer or 
oxide layer on the cathode increases the autoelectric 
(high-field) emission, and such layers have also the effect 
of increasing the electric gradient. If the effect of the 
gas layer is taken into consideration, then the gradient 
necessary for the maintenance of a high-field arc is not 
so high as calculated by Becken and Seeliger. The sur- 
face layer effect probably explains the fact that the 
cathode drop of the high-field arc was found to be lower 
than that of the thermionic arc, whereas from Mason’s 
calculations the opposite was predicted. As a final con- 
clusion the classification of ares into thermionic and 
high-field arcs and mixtures of these types was upheld. 

Just how the surface layer of gas produces the effects 
ascribed to it by Becken and Sommermeyer is not quite 
clear and the argument did not convince Seeliger, among 
others. In 1941 Seeliger'®® with the aid of Becken ex- 
tended and refined the calculations published in their 
previous paper.’ Seeliger’s final conclusion is, “The 
high-field theory is not capable of furnishing an explana- 
tion of the cathode mechanism. It presupposes the ex- 
istence of current densities which are at least ten times 
too high.”’ 

As both the thermionic and the high-field emission 
theory led to great difficulties when applied to the cold- 
cathode arc, a theory of Slepian'* proposed in 1926 
came again into the foreground. According to Slepian, 
in the immediate vicinity of the cathode the current is 
carried largely by positive ions and not by electrons. 
These ions originate in the plasma and are generated 
by thermal ionization. That thermal ionization is re- 
sponsible for the conductivity of the positive column was 
suggested by Compton in 1923 and is generally accepted. 
Slepian extended this theory, saying, “It appears now 
that this theory of thermal ionization in the arc may be 
used also to explain the passage of the current to the 
cathode, so that it is no longer necessary for the cathode 
to have a large electron emission. The thermal ioniza- 
tion in the gas is such that the arc current may be carried 
to the cathode by thermally generated positive ions... . 
A hot cathode is therefore not necessary for an arc. 
High temperature appears to be essential, but it may be 
in the gas immediately adjacent to the cathode and not 
the cathode itself.” 

An experimental test which would enable one to de- 
cide between Slepian’s theory of thermal ionization and 
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ionization by high-field electron emission has not beey 
devised yet. However, Weizel, Rompe and Schin!% 
applied Slepian’s theory successfully as a basis of , 
quantitative theory of the current at the cathode of the 
cold-cathode ares. According to this theory the cathode 
region is divided into three regions which are not sharply 
separated. Adjacent to the plasma of uniform tempera- 
ture and gradient is a region where a significant heat 
conduction takes place in the axial direction. In this 
region of several hundred atomic mean free path thick. 
ness most of the current is carried by electrons, the tem- 
perature decreases from plasma temperature to nearly 
that of the electrode and the potential gradient increases 
toward the electrode. The potential drop in this region 
is about one-half of the ionization potential. This re- 
gion of heat conduction melts into a thinner region in 
which most of the ionization takes place. The potential 
drop in this second region is about equal to the ionization 
potential of the gas. Between the region of ionization 
and the cathode is a space charge layer consisting largely 
of positive ions. The positive ions generated in the 
ionization region move toward the cathode and the 
electrons generated move toward the plasma. It is by 
this mechanism that a change in current carriers takes 
place. 

In first approximation Weizel, Rompe and Schén 
neglect the electrons coming from the cathode and as- 
sume that the ionization is entirely thermal. The po- 
tential drop over the space charge layer decreases rapidly 
with increasing current density. The contraction of the 
cathode spot is explained as an effect which brings about 
the lowering of the total voltage of the arc. According 
to Seeliger’ all present evidence seems to indicate that 
in the case of arcs with volatile electrodes, such as Cu 
or Hg, one cannot account for the current at the cathode 
by assuming that the ions are generated in the cathode 
fall space by single impact of electrons. It is necessary 
to assume ions coming from another source, namely, 
the plasma where they are generated by thermal ioniza- 
tion. Thus one is naturally led to the theory of Slepian, 
and the theory of the cathode should be developed by 
starting from the plasma as Weizel, Rompe and Schon 
did. Nevertheless one would have to take into account 
several factors neglected by these authors, such as photo- 
electric effect and high-field emission. A satisfactory 
solution has not yet been obtained. 


The Cathode Drop 


The sharp potential drop at the cathode proves the 
existence of a positive space charge near the cathode. 
This means that the concentration of positive ions ex- 
ceeds that of the electrons. The current carried by posi- 
tive ions is divided into two parts: 


14 =jt+J, 


where j is the current which just neutralizes the space 
charge of the electrons, / is the excess which accounts for 


the positive space charge. Thus equation (11) becomes 
p = J/vs, and between two parallel plates Poisson's 
equation takes the form 
dx* 
Langmuir* assumed that the width of the cathode fall 
space is small in comparison to the electronic mean free 
path, i.e., the ions traverse this space without colliding 
with the gas molecules. The solution of Poisson's 
equation for parallel plates leads to 


dV 


2e 


= —4rJ/v,. (16) 
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for the field and 


J 

9r YM @ 

for the current.8® M is the mass of the ions, V., the 

potential drop and d the thickness of the cathode sheath. 

In ordinary electrical and atomic units equation (18) 
becomes 


(18) 


= 0.543 X 10-7 ——,; 19 
J = 0.543 X 10 Vu (19) 
Upon elimination of J equation (17) becomes 
4V. 


The thickness of the cathode sheath d is left undeter- 
mined and has to be determined from other considera- 
tions. This theory was developed in connection with 
the mercury arc where Langmuir determined the positive 
ion current experimentally by means of auxiliary elec- 
trodes inserted in the discharge. Equation (19) was 
then used for the computation of the thickness of the 
cathode sheath. The theory was tested by observing 
the behavior of small cylindrical electrodes such as wires 
introduced in the path of the discharge where a change 
in thickness of the cathode sheath greatly affects the 
effective area of the electrode (cf. section on Probe 
Measurements). The experimental determination of the 
positive ion current in ordinary arcs presents great diffi- 
culties, and in this case Langmuir’s theory obtains its 
main support from considerations of the thermal equilib- 
rium at the cathode, and from the existence of cold- 
cathode arcs where the presence of the high gradient 
requires that the thickness of the cathode sheath be less 
than the electronic mean free path. 

Compton": © advanced a theory which differed from 
Langmuir’s in the assumption that the thickness of the 
cathode sheath was taken equal to the electronic mean 
free path. In this theory energy loss due to collisions 
in the cathode sheath had to be considered. Formulas 
analogous to equations (17) and (18) were obtained. 
However, Compton himself has shown that this theory 
in untenable in view of energy balance considerations.'® 

From equations (17) and (18) one can obtain a rela- 
tion between the current density and the field at the 
cathode. In ordinary electrical and atomic units: 


7 = 0543 x 10-(3)" 21) 
4) 
Slepian and Haverstick'® used this equation and 
equation (19) to compute the minimum ion current den- 
sity necessary for the maintenance of a given field. If 
the electric gradient at the cathode surface is to be 
greater than 10° volts/cm. equation (21) gives 
J > 
On elimination of d from equation (19) 
J > 30,800/M‘?V.'. 
If the molecular weight of the ion is less than 40 and the 
cathode drop is less than 20 v., the ion current density 
at the cathode will be greater than 1090 amp./cm.? 
Thus it appears that the high-field emission theory is not 
applicable to arcs of low-current density. This discovery 
led to serious difficulties for the high-field theory. Simi- 
lar conclusions were reached later by Seeliger and 
Bock, 137 
Mason calculated the distribution of energy of elec- 


theory of high-field emission. For the same value of 
the cathode fall, the electrons from the thermionic are 
have energies several volts greater than those from a 
high-field arc. To provide the positive ions necessary 
for the maintenance of the space charge, the cathode fall 
in the high-field arc must be several volts greater than 
the thermionic arc if the mechanism of ion production is 
the same in both arcs. The minimum value of the dif- 
ference in cathode fall is 4 to 6 volts. 

Combining the calculations of Slepian and Haverstick™ 
with the energy distribution of electrons derived in his 
paper, Mason concludes that in the case of the mercury 
are either the high-field theory does not apply or ions 
are produced by some process other than single electron 
impact. 

Liidi® carried out similar calculations in connection 
with the copper arc. He found that in order to obtain a 
current density of 3.9 X 10‘ amp./cm.’ by field emission 
a gradient of 3.8 X 10’ v./cm. is necessary. Such a 
field would require a cathode drop of 150,000 v., whereas 
the actual cathode drop is only about 15 v. Thus Liidi 
comes to the conclusion that the field emission theory 
cannot account for the copper arc. This conclusion is 
shared by other investigators (see p. 18-s). 


The Energy Balance at the Cathode 


The cathode of a stationary arc must be in thermal 
equilibrium, i.e., the conditions at the cathode must 
satisfy the principle of conservation of energy in addition 
to the space charge relations. This was pointed out by 
J. J. Thomson.'* The first to apply this principle was 
Giintherschulze.*”7 A more complete analysis of the 
situation at the cathode was published almost simultan- 
eously by Compton." 

Compton considered low-current arcs with no signifi- 
cant transfer of material. The heat developed at the 
cathode spot is due to: 

1. Ionic bombardment of the cathode. 

2. Outgoing electrons, some of whose energy is re- 

turned to the cathode. 


The heat lost by the cathode is due to: 


3. Escape of electrons. 

4. Conduction through the body of the cathode C. 
5. Gaseous conduction and convection C’. 

6. Radiation R. 


7. Evaporation of cathode material £. 


Let f be the fraction of the current at the cathode 
which is carried by electrons and 1—f that carried by 
positive ions. Incoming ions fall through the cathode 
space, thus acquiring a kinetic energy equivalent to V.. 
In addition a certain amount of heat $+ is liberated by 


_the neutralization of ions at the surface of the cathode. 


Thus item 1 is equal to (1 — f)(V. + $+) in watts per 
ampere of current if ¢. is measured in volts. The total 
energy of the electrons which fall through the cathode 
space is fV.; (1 — f) Vi is the part of this energy which is 
used in ionizing the gas whose ionization potential is V:. 
If F is the fraction of the remaining energy which is re- 
turned to the cathode in the form of radiation or other- 
wise then F[fV. — (1 — f) Vi] is the energy gained by the 
cathode. 

The cooling effect of the escaping electrons is taken as 
fo-, where ¢— is the work function. The condition of 
thermal equilibrium as derived originally by Compton” 
gives for f the value 


_ Vite. 


trons at the boundary of the cathode sheath for the f= a . ATs ; (25) 
thermionic are and for the high-field arc upon both the Vet b+ + o- — F(Ve + Vi) 

classical Schottky theory and the quantum mechanical The heat of neutralization of positive ions ¢, = Vi + 
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L — o-, where L is the heat of condensation of the neu- 
tral particle. This relation is derived by the following 
consideration: When a positive ion strikes the cathode 
an electron escapes absorbing the energy ed, then com- 
bines with the ion outside of the cathode liberating the 
energy eV;. The neutral system is then absorbed by the 
cathode liberating the heat of condensation L, which is 
usually small in comparison with the other two quantities. 
Compton and Van Voorhis'* suggested a modification of 
this relation which had later been found unnecessary." 

The value of F is not known. If energy is returned to 
the cathode in the form of radiation we should expect 
F = '/s, or less if there is reflection at the cathode. If 
the energy is dissipated by any diffusion process then 
more than half of the energy will return to the cathode. 
Originally Compton and Van Voorhis'* took F = 0 for 
the mercury arc. Using Giintherschulze’s®’ values for 
the quantities C, C’, R, and E as well as ¢ = 3.9 v., 
Vi = 104 v., d+ = Oand V. = 8.6 v., they found f = 
0.25 to 0.16. If F is taken to be greater than 0, f be- 
comes still smaller. For the carbon are Compton" com- 
puted f = 0.63 and 0.64 for F = 0 and F = 0.25, respec- 
tively. These values were obtained by taking V. = 
9 volts. 

Such low values of f are in sharp contrast to Compton's 
theory of the cathode drop which yields f = 0.994 for 
carbon and 0.96 for mercury. The first result of this 
finding was that Compton’s theory of the cathode drop 
had to be discarded in favor of Langmuir’s. This, how- 
ever, did not settle the difficulties. If the positive ions 
were provided only by collisions of gas molecules with 
electrons that fell through the cathode space, then the 
number of ions passing through a cross section in front 
of the cathode could not possibly exceed the number of 
electrons passing through the same cross section in the 
opposite direction. Thus f would have to be greater 
than '/: and, as not every electron ionizes, f would have 
to be well over '/2. The value obtained for carbon, i.e., 
0.64, seems rather low, but the value obtained for mer- 
cury is definitely contrary to the theory. Compton 
and Van Voorhis'* found that the widest readjustment of 
the quantities ¢,, C, C’, R and E in equation (25) gives 
only f = 0.47. Such a readjustment involves the as- 
sumption that most of the mercury loss at the cathode is 
due to spray, not evaporation, i.e., E is nearly 0 instead of 
2.8 to 3.9 v. as estimated by Giintherschulze. The 
correctness of this assumption was soon verified experi- 
mentally by Issendorff.*° Only by decreasing the value 
of @, the heat of evaporation of electrons, or work 
function, could Compton and Van Voorhis obtain a 
value of f which is consistent with the theory of ionization 
by collision. This led to the conclusion that the emis- 
sion is not altogether thermionic but at least partly a 
field emission in accordance with Langmuir’s theory 
which leads to fields of the order of 10° v. per cm. at the 
cathode. 

Taking the field emission into consideration and mak- 
ing several other improvements, Compton!® revised the 
theory of heat balance of the mercury arc. Let ¢o stand 
for the work function in the absence of an accelerating 
field and ¢_, as before, for the “‘effective’’ work function, 
i.e., the heat of evaporation of the electrons. It is shown 
that the heating effect by condensation of positive ions 
is unaffected by the field, thus 


On the other hand the heat loss by evaporation of elec- 
trons is fo. The total energy of the electrons after 
falling through the cathode space is not fV. but f(V. — 


‘5. By melting of electrode.................. 


minor corrections due to the fact that not every joy 
formed will reach the cathode and that the ions reaching 
the cathode may not give up all their energy. The 
refinements of theory introduce new unknowns in the 
energy balance equation. Nevertheless, under the as. 
sumptions that ¢— is much less than ¢ and that most oj 
the mercury loss is due to a spray rather than evapora. 
tion, ie., E = 0, the value of f is in the neighborhood oj 
0.85. Thus, Compton concluded that ‘‘the heat balance 
may be made consistent with Langmuir’s theory and 
with the known facts of ionization.’’ 

A different view was taken by Slepian.’”: ™ Judging 
from evidence obtained from considering the transition 
of a glow discharge into an are discharge he also concludes 
that a field emission takes place. According to Slepian, 
however, the role of electrons in the arc is subordinate. 
as most of the current is carried by the positive ions, 
i.e., f is less than '/». As there are too few electrons to 
provide an adequate supply of ions by collision, the ions 
must be generated by thermal ionization. Slepian sup- 
ports this theory by computations based on Saha’s 
equation. 

Doan* applied Compton's theory in its original form 
to the welding arc. The principle of the energy balance 
is the same in the case of the welding arc as it is in the 
case of the mercury arc. The following additional 
sources of heat have to be considered: ohmic resistance 
of the molten globule, radiation of the anode, oxidation 
of iron vapor and mist. In addition to the heat of evapo- 
ration of the electrode material the heat of melting of the 
electrode has to be taken into account as a factor con- 
tributing to the heat loss. 

Doan estimated the factors entering the heat loss o/ 
an iron welding arc with great care. For a °/39-in. mild 
steel electrode, 150-amp., 18-v. arc, assuming f = 0.(25, 
F = O and V, = 9 v. (iron), the following values were 
found (sources of heat or heat loss not shown in this 
balance sheet had been estimated as negligible) : 


Heat Received at the Cathode in Calories per Second 


1. By ionic bombardment.................. 121.0 
2. By ohmic resistance of globule and electrode 3.20 
3. By radiation from the anode............. 9.65 

143.59 


Heat Disbursed at the Cathode in Calories per Second 
161.0 


6. By evaporation of atoms................. 12.6 
7. By evaporation of electrons.............. 95.5 

287 .3 


The energy available at the cathode as here calculated 
is sufficient to account only for about half the energy 
consumption. This is clearly impossible. The values 
of quantities involved in heat disbursement are well es- 
tablished experimentally with the exception of item / 
which depends on the work function and the hypotheti- 
cal value of f. In view of Compton’s more recent work 
this term was grossly overestimated. Nevertheless, it 1s 
logical to assume that the total energy consumption rate 
of 288 calories per second is approximately correct. 
The total arc energy is (150 amp. X 18 v.) 645 calories 
per second, of which about 10% may be expended in the 
arc stream leaving 580 calories at the two electrodes. 
Half of this at the cathode would give about 290 calories. 
That just about half of the total energy will develop at 


oo + o~). Beside these changes due to the difference each pole is shown by the equal rates of melting of the 
between ¢) and ¢~ Compton took into consideration electrodes. Thus the heat received at the cathode has 
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Items 2, 3 and 4 do not contrib- 


been underestimated. 
ute much to the total energy, adjustments of these 


could not make up for the deficiency. Item 1 must be 
larger than calculated. This item is proportional to the 
current carried by positive ions; its value is (1 — f)- 
(V. + o+). In the discussion of Doan’s paper,” J. W. 
Barker pointed out that the assumption f = 0.30 gives 
996 calories for item | and 46 calories for item 7. With 
these changes the energy balance is fairly good (248 cal. 
ys, 238 cal.). Compton showed that the reduction of 
the work function by field emission would eliminate most 
of item 7 and thus improve the energy balance. 

Doan computed item 1 under the assumption that 
¢. = 0. This value was based on a result of Compton 
and Van Voorhis'* which was found to be in error and 
was rectified later by Compton.” Engel‘! estimated that 
the correct value of ¢4 is about 5 v., as V. = 9 v., do = 
4v. and L = O approximately. If this value is used, 
item 1 is increased by a factor of 14/9. Using a value of f 
between 0.5 and 0.67 Engel found that the energy balance 
is satisfactory.*! 

Nevertheless, even after all corrections are made it is 
hardly possible to get a value of f sufficiently greater than 
'/, in order to explain the origin of positive ions purely 
on the basis of ionization by collision. 

The calorimetric measurements of J. L. Myer’ also 
indicate that in the case of the low-current iron and 
copper ares the proportion of current carried by electrons 
is about '/, or even less, although Myer did not share this 
view and sought to find an explanation for what appeared 
to him as an impossible result. A low value of f appears 
impossible only as long as one wishes to maintain the 
hypothesis that ions in the cathode fall space are pro- 
duced by single electron impact only. Recently a great 
deal of evidence accumulated against this point of view 
(see page 18-s) and Slepian’s theory has come to the 
foreground. 


The Positive Column 


The region between the anode drop and the cathode 
drop of an are is highly conducting and exhibits a rela- 
tively low-voltage gradient. This region is called the 
positive column or the plasma. The electric gradient in 
the plasma is approximately constant. This indicates 
the absence of a net space charge. Electrons enter the 
positive column from the cathode sheath and are accel- 
erated toward the anode. While passing through the 
positive column the electrons suffer numerous collisions, 
their motion is a random motion with a superimposed 
drift. 

The space charge of these electrons is compensated by 
positive ions originating largely in the plasma. When a 
neutral atom or molecule is ionized the net charge nat- 
urally does not change. However, the velocity of the 
positive ion generated will be considerably less than_the 
velocity of the electron and therefore the positive ion will 
— longer in the element of volume than the electron 
does. 

The fundamental question is how does the ionization 
take place?’ Compton" calculated that liberation of 
positive ions from the anode by electron impact, ioniza- 
tion in the positive column by electron impact and photo- 
electric ionization are insufficient by far to account for 
the necessary positive ions. He proposed that thermal 
‘onization is responsible for the production of positive 
ions. In the thermal ionization process the energy neces- 
sary for ionization is derived largely from the electrons 
falling through a field, as it is in the case of ionization by 
direct impact. In the thermal process the electron gen- 
erally suffers many collisions while traveling through a 
relatively small potential drop and loses its energy in 
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these, thereby increasing the kinetic energy of the neu- 
tral atoms and ions. Some of the energy produces so- 
called excited atoms. The energy necessary for ioniza- 
tion is thus gradually built up in the gas and distributed 
among the neutral atoms and ions through collisions be- 
tween themselves. Ionization by direct impact is on the 
other hand a process in which the electron gathers suffi- 
cient energy to ionize the atom on a single collision. 

The thermal ionization process has been treated be- 
fore by Saha™® as an equilibrium reaction in which the 
heat of reaction at 0° K. is the ionization potential. The 
dependence of the equilibrium constant K on tempera- 
ture can be calculated from the free energy equation 

—RT in K = AF = AH — TAS, (22) 
where AF is the change in free energy, A// the change in 
heat content and AS the change in entropy. The stand- 
ard thermodynamic calculation leads to 


AH, 
= 
In K RT + R In7 + J, (23) 
where A//, is the change of heat content at 0° K., AC, 


is the increase of specific heat at constant pressure and J 
is a constant which has to be determined from the third 
law of thermodynamics. A//, is the electric energy of 
ionization, eV; for one electron and FV, for one equiv- 
alent, F being the Faraday constant. The electrons 
can be considered a monatomic gas, therefore AC, = 
5/2R. Saha™® used the value J = —6.5, Tolman'®* 


gave a new derivation of equation 23, finding 7 = —6.69 
for a monatomic gas and thus obtaining 
5040 V; 
logis K = — + 2.5 T —6.69. (24) 


The equilibrium constant K is defined in terms of 
partial pressures of the un-ionized gas (fy ), of the ions 
(p+) and of the electrons (p.): 


K = 
Po 


If x is the proportion of atoms ionized and electrons or 
ions are not provided from an outside source, then the 
partial pressures p,, p. and pp are proportional to x, x 
and | — x, respectively. Thus if P is the total pressure 
K = Px?/1 — 

Saha’s equation has also been derived from statistical 
mechanics and this method of derivation permits a more 
accurate determination of the constant /. If this point 
of view is adopted it is practical to express K in terms of 
the number of particles per unit volume. Let m., nm, and 
my denote the number of electrons, positive ions and 
neutral particles per cm.*, respectively, and let N = 


( 25) 


ne + n+ + m. Then by the gas law PV = NkT, and 
V being one 


This relation is true even if electrons or ions are supplied 
from an outside source in addition to ionization. The 
formulas derived from satistical mechanics give .n. /no 
as a function of the temperature. According to Fowler®! 
or Riewe™ for a monatomic gas 


e~ (eVs/kr) (27) 
No 
where m is the mass of the electron, / and & are the Planck 
and Boltzmann constants. After substitution of the 
values of atomic constants this becomes: 
log io + 7 + 15.385. (28) 
No 7 
2l-s 
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In 1923 Compton™ applied Saha’s equation (equation 
(23)) to the problem of ionization in the positive column 
of the arc. At that time it was not known whether or 
not a thermal equilibrium exists in the positive column, 
nor was the arc temperature known. ‘Thus the theory 
was “up in the air.’’ Subsequently the temperature of 
the arc was measured and the existence of thermal equilib- 
rium was well established (see p. 15-s). Most of this 
work was done by Ornstein®: "43. "4 and his students 
who were able to verify Compton’s theory experimentally. 
The basic idea of the test was that if thermal equilibrium 
exists in the positive column then the energy distribution 
of the electrons, ions and neutral particles follows the 
Maxwell-Boltzmann law. In this case the population of 
a quantum state of an atom or molecule is proportional 
to the Boltzmann factor e~**/*", where E; is the energy 
of that state. The intensity of radiation for a given state 
is proportional to this factor, and to two other factors, 
the statistical weight a; and the transition probability p;. 
These two are known from other investigations. Thus 
the radiation intensity J; from the ith state is propor- 
tional to ape~™/*?. Therefore: if the measured in- 
tensity is divided by the product aif; and plotted logari- 
thmically as a function of the energy F:, the result should 
be a straight line provided that a thermal equilibrium 
exists over the states in question. The slope of this line 
is proportional to the temperature of the state. Orn- 
stein’s measurements of rotational and vibrational spec- 
tra of CN, AlO, and other molecules show that the rela- 
tive intensities are those characteristic of the Boltzmann 
distribution. The same principle applies to atomic 
spectra. By this method Ornstein" showed that there 
is thermal equilibrium even in the atomic hydrogen arc. 
Subsequently the existence of a thermal equilibrium 
in the positive column was verified by a number of other 
methods (see page 15-s). It is worth noting that Witte!”® 
found that there is equilibrium in the column but not in 
the region immediately in front of the cathode. Suits'®® 
reviewed the literature of thermal equilibrium in the arc 
in 1936. According to this report there is general agree- 
ment about the fact that equilibrium is established in an 
arc in about 0.001 sec. The principal result of the theory 
of thermal ionization is that the conductivity of the 
positive column is a function of its temperature alone. 
Suits® applied the theory of thermal ionization and 
dissociation to the problems of the welding arc. One of 
the principal difficulties encountered in this connection 
is the fact that the welding arc does not burn in a pure 
gas of known electrical properties, i.e., the ionization 
potential V; is not well defined. In addition to oxygen 
and nitrogen there is an unknown amount of metal vapor 
and other contamination in the are column. The ioniza- 
tion potentials of the metal vapors are low compared to 
oxygen and nitrogen, so that a small partial pressure of 
metal vapor will dominate the electrical behavior of the 
arc. Because of this fact one cannot use Saha’s equation 
for the calculation of x, the proportion of particles ion- 
ized. According to Suits x can be calculated from the 
known electron mobility and the arc current. Then one 
can obtain from Saha’s equation an “‘effective’’ ionization 
potential, i.e., the ionization potential of a hypothetical 
homogeneous gas which would behave as the are atmos- 
phere. The calculations of Suits show the dominant 
effect of the electrode vapors, especially the effect of 
Nain NaCl-cored carbon arcs. The physical significance 
of a hypothetical homogeneous gas ‘‘replacing’’ a mixture 
of gases with different ionization potentials and in differ- 
ent states of dissociation is, of course, open to doubt. 
The possibility of calculating the degree of ionization 
from the electric current and the electron mobility was 
pointed out shortly before Suits by Hérmann.” Neg- 
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lecting the mobility of the positive ions, the current 
density J is in first approximation equal to n.ebE, where 
n, is the number of electrons in cm.’, 6 the electron mo- 
bility and E£ the potential gradient. 6 can be calculated 
from atomic constants; it is proportional to T-':, A» 
error in 7’ will thus affect the results only slightly. If the 
arc column were of uniform temperature and its dimen. 
sions were known accurately, then the electron density 
could be calculated from the equation J = nebp 
Such a determination of electron density, or ionization, 
would be more accurate than a calculation from Saha’s 
equation, since the latter contains T exponentially. The 
radial gradient of the arc temperature, however, cannot 
be neglected. Hérmann determined the radial distriby. 
tion of temperature in a carbon arc from intensity meas. 
urements of spectra under the assumption that the tem- 
perature at the center has a fixed value. From the radial 
distribution of the temperature the degree of ionization 
could be calculated as a function of the radius from Saha’s 
equation; then from the equation of electron mobility 
the total current could be obtained by integration. [f 
the value of the ionization potential is 9.5 v. and the 
central temperature 6350° K., the calculated current is 
in good agreement with the measured current. 

Suits and Poritsky' applied to the high-pressure arc 
column the theory of heat loss from solid bodies by 
conduction and convection. The column of the arc is 
treated as a cylindrical solid body. The starting point of 
the calculations is Nusselt’s equation for the conduction 
and convection heat loss of a cylinder. This equation is 
a relation between the coefficient of heat transfer ;, 
the diameter of the cylinder D, the thermal conductivity, 
the temperature difference between cylinder and sur- 
rounding gas, AZ’, and known physical constants, such 
as the specific heat of the gas at constant pressure, vis- 
cosity, acceleration of gravity, etc. 

The heat loss per unit length of the cylinder must be 
equal to the input, therefore, if the gradient E and the 
current 7 are measured in ordinary electrical units. 


Ei = 4.18 (29) 
The are current 7 is expressible as 
2 
j= n.K.ek, (30) 


where 1. is the electron concentration, K. the electron 
mobility. By Saha’s equation (equation (28)) at con- 
stant pressure n. is a function of 7 only. 

If pressure and temperature are assumed to be con- 
stant, independent of the are current, Nusselt’s equation 
and equation (29) give 


Ei = const. D** (31) 
where a ~ .10 for air at atmospheric pressure. 
Under the same assumptions equation (30) gives 
4 = const. D*E. (32) 


Elimination of D yields 
E = const, i~” 


where n = 2 — 3a/(2 + 3a). For air at atmospheric 
pressure and observed arc temperatures this gives m = 
0.76 which compares favorably with the experimental 
value n = 0.60. 

The variation of electron concentration m, with gas 
pressure can be determined from Saha’s equation and 
this relation can be used to determine the variation of 
the arc diameter with pressure, the result being 


D = const. p~’, 


where y depends on the composition of the gas. Similar 
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relations were obtained for the variation of electrical 
gradient and current with pressure. 

* The convection heat loss depends on the buoyancy of 
the hot gases and therefore on the acceleration of gravity. 
This was experimentally demonstrated by Steenbeck'”’ 
who measured the total voltage and current of an arc 
falling freely thus not subject to the forces of gravity. 

Suits and Poritsky calculated the dependence of heat 
balance on the value of g and from this they obtained 
an equation giving £ as a function of g.’* 

Lamar™ indicated in 1936 that the temperature dis- 
tribution in the column of an are burning in a homogene- 
ous gas (nitrogen) can be calculated from energy balance 
considerations. If one assumes thermal ionization in 
accordance with Saha’s equation and equates the heat 
generated to the heat loss due to thermal conduc- 
tion and radial diffusion, a differential equation is ob- 
tained for the temperature. If in addition the tempera- 
ture at the center is known, the whole radial temperature 
distribution can be calculated. This idea was elaborated 
by Lamar, Stone and Compton.* The heat generated 
per unit volume is obtained in terms of the potential 
gradient, the electron mobility and the electron concen- 
tration, the last being computed from Saha’s equation. 
In applying this equation of thermal equilibrium the 
existence of both nitrogen molecules and nitrogen atoms 
is taken into consideration. The calculated heat loss 
includes the heat transport that results from the diffusion 
of dissociated atoms. Convection is, however, neglected, 
so that the theory applies only to low-current arcs. The 
center temperature is determined from the additional 
principle that the arc operates so as to make the heat loss 
a maximum. The calculated temperature distribution 
is not compared with Hérmann’s work but is found con- 
sistent with other experimental results. 

Recently this work was carried further by Stone and 
Lamar.’ Heat loss due to convection has been included 
and the theory of heat convection has been worked out. 
More reliable values of ionization potential and dissocia- 
tion energy were employed than those used in the pre- 
vious publication. With the inclusion of convection as 
a source of heat dissipation it is no longer necessary to 
rely on the arbitrary maximum principle for the deter- 
mination of the temperature at the center. The center 
temperature determined from this theory is 6000° K., 
in good agreement with the experimental data. The 
theory applies to low current arcs (10 A.) only and it is 
for this reason that its details are omitted here. A 
theory applicable to the high-current welding arcs has 
yet to be developed. 


Forces Acting on the Electrodes and the Transfer of 
Material 


Mechanical Forces Acting on the Electrodes 


The electrodes of an are are subject to forces which 
tend to separate the electrodes. The presence of such 
forces is immediately observable in the case of liquid 
electrodes such as mercury as they cause a depression of 
the liquid surface. Giintherschulze®’ estimated the 
pressure at the cathode spot of the mercury arc at 2.6 
atmospheres; Sellerio® computed the same for the anode 
and found 6.4 X 10-* atmospheres. These computations 
are based on rough estimates of physical quantities not 
accurately determined and should be considered indica- 
tive of the order of magnitude of the pressure only. More 
recent investigations concerning the dependence of the 
appearance of a crater under the welding arc on the arc 
atmosphere (see p. 37-s) should also caution us against 


attributing the depression of the liquid electrodes entirely 
to mechanical forces. 

In order to measure the pressure acting on carbon elec- 
trodes Beer and Tyndall’ drilled holes centrally along the 
lengths of arc carbons and measured the manometric 
pressure in these holes. The carbons were of 13-mm. 
diam., the holes 1.5 and 3.5mm. Current varied from 
7 to 15 A. On the anode pressures as high as 90 dyn./ 
cm.” were found, but there was evidence that a substan- 
tial portion of this pressure was due to constriction of 
gases liberated from the electrodes by the heat. The 
anode pressure was found to be independent of the are 
length but increasing with the current. Observations 
on the cathode were rather difficult and the results in- 
conclusive. When the cathode spot was centered on the 
hole, positive pressures were recorded; in all non-central 
cases the pressures were negative. 

Forces acting on solid electrodes were more directly 
measured by suspending the electrodes on a torsion bal- 
ance. The early investigators*’: '*’ used low-current arcs 
of carbon, copper and iron with currents of 3-20 A. The 
forces observed were of the order of 1 dyn. Sellerio’s 
results give on the average a pressure of 5.8 dyn./cm.’ 
on the anode and 20 dyn./cm.’ on the cathode. The 
evaluation of the experimental data is very difficult as 
there are many secondary effects which have to be elimi- 
nated, such as forces due to the motion of the air around 
the arc, magnetic forces due to terrestrial magnetism, 
etc. 

The experimental work was quickly followed by a num- 
ber of theoretical papers by Duffield,®* Tyndall,'7* 
Ratner,'® Sellerio'® and others, most of which are largely 
of polemical charaeter. The force appearing on the 
electrodes is the resultant of several forces such as forces 
due to the impact of the ions and electrons on the elec- 
trodes, forces due to an electric wind, electrodynamic 
forces, vaporization of the electrode material, etc. It is 
practically impossible to separate these components. 
In spite of the lively discussion Seeliger' reported in 
1929 that no satisfactory conclusion had been reached 
and that the various investigators remained in disagree- 
ment even about the fundamental facts. 

All this work was done on low-current arcs. Forces 
acting on the electrodes of a welding arc were measured 
for the first time by Creedy and his collaborators.” 
They found that the force increases rapidly with de- 
creasing arc length. For fixed are length the force is 
proportional to the square of the current. The forces 
measured range from 50 to 1000 dynes and are attributed 
to the recoil force of particles projected from the elec- 
trodes, particularly the cathode. 

Several recent investigators take the view that the 
major part of the forces acting on the electrodes is due to 
a high-velocity vapor stream emanating from them. 
Tanberg' and later Easton, Lucas and Creedy*® meas- 
ured the velocity of this vapor stream emitted under 
very low pressure from copper and other electrodes. 
All measurements were, however, based on measuring 
either the recoil forces on the electrodes or the pressure 
on a vane in the vapor stream. The velocities computed 
from these measurements are of the order of 10° to 10° 
cm./sec. and thus correspond to unbelievably high tem- 
peratures (500,000° K.).° These computations were 
apparently based on the assumption that the recoil force 
on the electrodes or the pressure on a vane in the vapor 
stream are entirely due to velocities of vapors. In 
view of the fact that many observers have concluded 
that a large part of the metal is transferred across the 
arc space in the form of liquid globules, it does not appear 
logical to assume that only vapors are present in the 
are stream. It is likely that the recoil forces or the pres- 
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sures measured are due largely to the velocities of metal 
globules in the arc stream, and based on this assumption 
no extreme or unbelievable velocities are required. 

Tonks'”® pointed out the existence of a force, hitherto 
neglected, which is due to the change of momentum of 
the plasma electrons rebounding from the cathode sheath. 
Since the force causing the velocity reversal is the repul- 
sion between the negative charge on the cathode and the 
electron, this pressure is exerted on the cathode. The 
energy acquired by the electron is dissipated elsewhere. 
The force computed from these considerations accounts 
for a substantial part of the force observed on the cathode. 

Robertson™ explored the dependence of the forces 
acting on the electrodes on pressure in the range of 5-500 
mm. Hg. Copper electrodes were used in hydrogen and 
nitrogen atmospheres with currents ranging from 2 to 20 
amp. The observed forces vary from fractions of a dyne 
to about 16 dynes. 

Nieburg'® measured forces acting on welding arcs by 
suspending a weld rod elastically and measuring deflec- 
tions by means of a mirror and an oscillograph. The 
electrodes used included bare, dipped, white-asbestos- 
coated and blue-asbestos-coated mild steel; bare and 
dipped copper and aluminum electrodes, of 4- and 6- 
mm. diam. The force was measured in straight and re- 
versed polarity and plotted against the current. The 
curves obtained for 4-mm. steel electrodes are shown in 
Fig. 12. These curves reveal the significant fact that if 
the welding current is equal to the optimum value estab- 
lished by practical welding experience, then the force is 
equal to 1 g. (980 dynes) in the case of 4-mm. steel elec- 
trodes and 2 g. for 6-mm. steel electrodes. This force is 
evidently necessary for the transfer of material. The 
current on the other hand determines the amount of heat 
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Fig. 12—Dependence of Force on Arc Current: a = Bare, 
b = Covered, c = White Asbestos-Coated, d = Blue Asbestos- 
Coated, e = a Special Electrode’* 


400 A 500 


WELDING RESEARCH SUPPLEMENT 


— 
2600 — 
4 
4 
2z J 
2000 At ait red | | 
| 
= 
= (Feo | 
& 1000 / 
A VA 
YZ. _| 
200 ] 
° go 60 00 to 460 200 «6220 240 


Current - Amperes 
Fig. 13—Forces Acting on Steel Electrodes™ 


evolved in the arc. Thus for satisfactory welding a 
definite value of current has to coincide with a definite 
force on the electrodes. If the correct amount of heat 
necessary for melting the electrode is supplied but the 
force is too small, the transfer of material becomes in- 
sufficient. On the other hand an excessive force causes 
a sputtering of the electrodes. It is seen from Fig. |2 
that the bare electrode with reversed polarity (marked 
a4.) is unsuitable for welding as in this case a force of | ¢g. 
is not reached in the region of 150-180 A., which is the 
proper welding current for 4-mm. steel. The situation is 
exactly reversed in the case of the white-asbestos-coated 
electrode (see curves c— and c,) which must be used as 
the anode, a fact which was known from experience. 
Similar results were found for copper and aluminum. 
On the basis of these measurements Sack'®’ estimated 
the forces acting during the formation of liquid globules 
on the weld rods and their transfer to the plate. The 
pressure at the cathode is attributed to the bombardment 
of positive ions, to electrodynamic forces and to forces 
due to evaporation of the cathode material. The force 
due to the ions is nk7f, where n is the number of ions per 
cm.’, k the Boltzmann constant, f the area of the cathode 
spot and 7 the absolute temperature. In the case of an 
are with 180 A. current, the best available estimates ol 
the other quantities involved lead to a force of 0.435 g. 
Electrodynamic forces are estimated at 0.26 g. Addi- 
tion of forces due to evaporation brings the total to about 
l g. 

Doan and Lorentz** measured forces acting on elec- 
trodes in air as well as in controlled atmospheres such as 
helium and nitrogen. The forces were measured by 
means of a torsion balance. Five thirty-sec. in. (3.5 
mm.) electrodes were used with currents varying from 
70 to 220 amp. The forces measured in air are in very 
good agreement with Nieburg’s results. The forces in 
helium and nitrogen are considerably below the forces 
in air at the same currents as shown on Fig. 13. The 
cause of variation of this force with the arc atmosphere 
is not yet known. 


The Transfer of Material Across the Arc 
It is an elementary experience that the electrodes of 
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an are do not remain unchanged. Even in the case of 
the low-current arcs one electrode or both may lose ma- 
terial. Some material lost by one electrode may be 
transferred to the other, nevertheless the transfer of 
material in low-current arcs is an entirely secondary 
phenomenon. Part of the carbon lost by the electrodes 
of a carbon are is oxidized, the rest evaporates and con- 
denses at some cool surface which may be the cooler 
electrode. Such transfer of material is fundamentally 
different from the transfer in the welding arc. The loss 
of mercury from the cathode of a mercury are was well 
known in the early 1920's. Originally this loss was 
attributed to evaporation at the cathode spot, but the 
energy balance considerations of Compton and Van 
Voorhis'* as improved by Issendorff** have shown that 
most of the mercury must leave the cathode in the liquid 
state as there is not enough heat available for its vapori- 
zation. Small globules of mercury are thrown out of 
the cathode with considerable initial velocity. This 
sputtering of the cathode is similar to that observed in 
welding ares. Schmick and Seeliger’™ found in 1928 
that Issendorff’s results are valid for the low-current iron 
are. 

In 1920 Eschholz** concluded from energy considera- 
tions that the transfer of metal in the welding arc could 
not take place in the gas state. At least 85% of the de- 
posited metal is transmitted in the liquid form. 

As the metal on the tip of the weld rod melts, a drop is 
formed which makes contact with the plate. At this 
instant the are is short circuited and it is thus momen- 
tarily extinguished. The arc is re-established when the 
drop becomes detached from the weldrod. The short 
circuits can be observed by means of an oscillograph. A 
more direct method of observing the transfer of material 
is by taking moving pictures of the electrode. The 
pioneer work in this field was done by Hudson" in 1918, 
who took pictures at the rate of 32 exposures per second. 
The intense light emanating from the are made the 
molten metal almost invisible. The pictures were merely 
described and not published and it is perhaps for this 
reason that Hudson did not receive due credit from later 
investigators. As the photographic technique was in- 
adequate, Hudson supplemented the moving pictures 
with visual observations on the ground glass of the 
photographic camera. 

Hudson observed that the drop usually contains cavi- 
ties. It expands and small particles are blown out at 
high velocity. These particles form a metal spray, part 
of which reaches the liquid on the plate, the other part 
is deposited on the cooler metal in the form of a gray dust. 
Hudson concludes, ‘It would appear from the observed 
facts that the metal deposited during metallic are welding 
is transmitted, in part at least, in the form of minute 
particles which are projected from the globule by the 
internal expansion of some vapor, possibly carbon mon- 
oxide. The expelled particles pass through the arc too 
rapidly to become vaporized and reach the plate in a 
fluid state.’’®* 

In order to avoid the effects of the arc glare Green™ 
and Bung® used ultra-red rays emanating from the mol- 
ten metal and took 60 pictures per second. On these 
pictures the molten metal is clearly visible. The in- 
fluence of the composition of the weld rod on the flow of 
metal was studied but details were not published. 

Hilpert and Thun": ® took moving pictures of the are 
by means of the “‘outshining’’ méthod. A powerful car- 
bon are was placed behind the welding arc. Electrode 
and drop appeared as silhouettes with the arc as a bright 
spot on a bright background. At first 800 pictures were 
taken per second, but with improved technique this 
number was increased to 2400 exposures per second. 
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These moving pictures show that the molten metal fre- 
quently short circuits the arc. An oscillograph was syn- 
chronized with the moving pictures to record the short 
circuits. The moving pictures as well as the oscillograms 
show a marked difference between the transfer of mate- 
rial on bare and covered electrodes. The number of short 
circuits with coated electrodes is much less than with bare 
electrodes. In overhead welding the time of short cir- 
cuits with bare electrodes was 25.77% of the total arcing 
time. Of this 9.27% is ascribed to backdrops. With 
covered electrodes the time of short circuits was only 
2.96% of the arcing time.” Hilpert assumed that all of 
the metal was transferred during short-circuit periods and 
concluded that the drops are larger for covered electrodes 
than for bare wire. A method for the determination of 
the size and duration of the drops was developed by 
Flamm.*® The total time of welding, 7, is divided into 
two periods: the arc period B during which the arc burns, 
and the short-circuit period K. Thus T = B + K. 
The ratio B/T is then measured and the mass of a drop 
computed under the assumption that all transfer takes 
place during the short-circuit period. Ronay'’ con- 
structed a practical instrument (arcronograph) for the 
measurement of B/T and applied it to investigate the 
flow of metal from bare and covered electrodes. The 
records of the arcronograph also supply information as to 
the quality of the weld deposits. Strelow' investigated 
the dependence of the frequency of drops on polarity and 
the coating of the electrode. The frequency of short cir- 
cuits was observed by means of an oscillogram. The 
number of transfers per second was 26 for bare, and 6 for 
covered electrodes, the ratio B/7T was 0.70 and 0.92, 
respectively. It is now known that not all metal trans- 
fer takes place during short-circuit periods; therefore 
one cannot deduce the size of the drop from the number 
of short circuits and the total amount of metal deposited. 
This fact obviates some of Strelow's results. 

Doan and Weed® constructed a device for recording 
individual deposits. A polished strip of mild steel was 
set in a welding machine and was advanced at the rate 
of 100 in./min. (4 cm./sec.). The deposits from the elec- 
trode appear separated. Oscillographic records of cur- 
rent and voltage of the are were also taken. Deposits 
are accompanied by current peaks and the size of the 
current disturbance corresponds quite well with the size 
of the globule. In accordance with other results, at least 
90% of the metal was found to have been transferred in 
liquid form. 

Larson™ caught the particles traveling through the 
welding are by passing a specially prepared thin strip of 
metal through the arc. The particles were classified as 
to size to the nearest 0.001 in. and counted. From these 
data a logarithmic curve was plotted showing the rela- 
tion of particle size to number of particles. (The curve 
was not published.) It was found that for one particle 
0.010 in. in diameter there were six particles 0.05 in. in 
diameter and about one hundred twenty particles 0.001 
in. in diameter. “A straight line drawn through these 
points plotted on logarithmic paper represents the data 
very closely.’’"* A few particles over 0.010 in. were found. 
No attempt was made to count the particles below 0.001 
in. in diameter. The velocity distribution of particles 
was determined by overhead welding over a slot. The 
trajectories of the particles coming up through the slot 
were measured and their initial velocities computed. 
These velocities range from 8 to 128 ft. per second but 
there was no apparent relation between the size of particle 
and its initial velocity. In general, the smaller particles 
have the higher velocities. The droplets caught from 


* Private communication. 
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an electrode with heavy cellulose covering were bright 

steel spheres with no coating of slag. This seems to dis- 
prove Hilpert’s® hypothesis that when welding with 
covered electrodes every drop is coated with a thin layer 
of slag. Larson also found evidence against Hilpert’s 
assumption that all metal was transferred during the 
short-circuit periods. The frequency and duration of 
short circuits depend on the length of the arc, and as 
different investigators used arcs of different lengths their 
results can hardly be expected to agree. According to 
Larson, “.... with an are only slightly longer than the 
normal it is possible to eliminate short circuits without 
appreciably reducing the rate of melting of the electrode.” 
More recently Larson improved the method of deter- 
mining size and velocity of a particle.’ The new 
method is based on the fact that trajectories of small 
particles projected through the air depend both on initial 
velocity and the size of the particle. Measurements on 
the trajectory enable one to compute both size and ini- 
tial velocity. Larson’s work confirmed the results of 
Hudson® whose work was overlooked by other investi- 
gators. 

Doan” considered an idealized process of flat-position 
welding in which drops form slowly at the tip of the elec- 
trode and fall into the work solely under the force of 
gravity. Such a process is analogous to drop formation 
at the end of capillary tubes and leads to the result that 
the maximal weight of a drop is proportional to the second 
or third power of the surface tension. Naturally in the 
case of the welding arc drops are detached long before 
they reach this maximal size. Nevertheless, the reduc- 
tion of surface tension by the addition of 0.1 to 1.0% 
of antimony decreases the size of the drops noticeably. 
The growth of large globules on the tip of the electrode 
forms a barrier to the flow of heat from the are to the 
unmelted wire, therefore a decrease of drop size results 
in an increased melting rate. Doan increased the melt- 
ing rate of bare wires by the addition of antimony 25 to 
50%. 

Engel analyzed the heat flow in the electrode. As- 
suming that no heat is lost through the sides and that 
the end of the electrode is kept at fixed temperature 74, 
the equation of heat flow can be solved and leads to the 
well-known probability integral with the argument x/+V/i 
where x is the distance from the tip and ¢ is the time 
elapsed since the tip was raised to the temperature 7°,. 


Thus a fixed value of x/-V/t determines a surface of equal 
temperature. The amount of steel melted can be com- 
puted from the speed of the surface representing the 
melting temperature of steel. All heating takes place 
during the are period B. Taking the short circuit or 
transition period K constant (0.01 sec.), Engel found by 
computation that the amount of material melted is a 
maximum when B = K. Since in all practical work B 
is considerably greater than K a shortening of the drop 
formation period B as achieved by Doan” will increase 
the melting rate. Engel developed his theory further 
by considering that the cathode spot may not cover the 
whole tip and thus the heating may not be uniform. 

Perhaps the most difficult question in connection with 
arc welding is: What are the forces propelling the ma- 
terial from weld rod to work? Flat-position welding can 
be ‘‘explained” by considering the metal drops as falling 
under their own weight. In overhead welding, however, 
the transfer takes place against the forces of gravity. 
Many theories have been proposed as explanations and 
there is no agreement yet among the many investigators 
who contributed to this subject. 

The difficulty lies in the multitude of forces acting in 
the welding arc as well as their variability from one arc 
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to the other. Forces of electric origin, surface tension, 
gravity, pressure on the cathode spot, forces due to gas 
stream from the weld-rod coating and expansion of gases 
have to be considered. Arc length, current, electrode 
material, coating and the atmosphere influence the rela- 
tive magnitude of these forces. It is therefore not sur- 
prising that under varying experimental conditions dif- 
ferent conclusions were reached as to the role of these 
forces in the transfer of material. 

Perhaps the only important effect due to electric 
forces is the “pinch” effect. This was described by 
Creedy.** If a current flows through a liquid conductor 
the electromagnetic forces will tend to contract the con- 
ductor. This will result in a hydrostatic pressure at the 
center. If there is a constriction in the fluid path at any 
point, so that the current density is greater there than 
elsewhere, the fluid will be forced out at that point and 
will be heaped up on either side of the constriction. Ina 
non-viscous fluid the fluid in the narrowest cross section 
is constantly replenished, but in a viscous fluid a notch 
will appear and get deeper and deeper until the conductor 
is broken in two. This effect explains how the globules 
are detached from the electrode. The pinch effect is 
solely to separate the globule from the electrode and the 
electromagnetic forces do not propel it across the are. 
As Ludwig, Doan and Myer”™ pointed out, the propelling 
force is probably due to the very high temperature at the 
last point of contact and the resulting gas explosions. 
It is not possible to weld overhead with a pure, gas- 
free electrode. A similar conclusion was reached by 
Sack.128,129 

Surface tension plays a part during the formation of 
the drop as it prevents the metal from flowing down the 
side of the rod. It also keeps the molten metal in the 
inverted pool on the work. When the arc is kept short 
enough the drop on the welding rod can make contact 
with the pool which can then absorb the drop of liquid 
metal, as shown by the X-ray moving pictures of Sack."* 
If the pool on the work is too large, metal might drip 
back to the electrode from the work. The effect of sur- 
face tension is more important in the case of bare and 
lightly coated electrodes than in the case of covered 

Conrady” attributed the transfer of material to the 
pressure on the cathode spot. This explanation was 
based on Nieburg’s observation that optimum welding 
condition is accompanied by a certain value of the force 
acting on the electrode’ (see p. 24-s). In the case of 
straight polarity bare electrodes the pressure of the 
cathode spot on the molten globule of metal depresses the 
liquid at that point. The liquid rises at some other 
point and the arc shifts to the high point. The molten 
tip of the electrode thus comes into rapid vibration and 
finally splashes high enough to short circuit the arc. 
Thereupon the pinch effect separates the metal from the 
electrode and surface tension draws it into the pool. The 
role of the cathode spot explains why overhead welding 
with reversed polarity bare electrodes is not possible. 
In the case of covered electrodes the cathode spot clings 
to the contact points of the metal and the stabilizing 
material. As the covering is usually higher than the 

metal, it directs the molten metal toward the work. This 
directing effect makes reversed polarity welding possible. 
Overhead welding with a. c. is possible with covered elec- 
trodes only. The chemical energy liberated at the elec- 
trode by the combustion of the covering is considered 
helpful in the transfer of material.”° 

Larson®’ pointed out that Conrady’s theory fails to 
explain why overhead welding with pure iron electrodes 
free from gases is not possible. Moreover, Conrady’s 
theory leads to difficulties in explaining welding with re- 
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Larson’s conclusion is that 
the expansion of gases in the metal at the tip of the elec- 
trodes is the primary factor in removing the metal from 


versed polarity electrodes. 


the electrode. ‘‘When gases are liberated rapidly they 
may occasionally shoot small particles from the tip of 
the electrode. However, a more likely explanation is 
that they are formed below the surface of the molten 
metal and because of the surface tension of the liquid the 
expansion of gases forms bubbles of metal on the tip of 
the wire. They may burst due to gas pressure alone, or 
they may expand until they touch the plate and short 
circuit the arc. When the bubbles burst they produce a 
spray of fine particles and when they short circuit the 
arc they are literally exploded. From visual observa- 
tion or motion pictures it is not possible to distinguish a 
bubble from a solid drop but the rapidity with which the 
bubbles or drops form and disappear in the arc of a 
coated electrode is strong evidence that they must be 
bubbles.”” The coating of the electrodes affects the 
rate of heating and the surface tension and thus the size 
and thickness of the bubbles. Thus the differences be- 
tween transfer from bare and covered electrodes can be 
explained. 

Larson as well as the advocates of the ‘‘pinch effect’’ 
theory attribute the propelling force to the rapid expan- 
sion of gases. According to Larson’s theory the spray 
from the burst bubble should scatter in all directions not 
obstructed by the electrodes, whereas if a solid drop is 
“pinched off’’ then, the propelling charge being directly 
behind it, the drop is thrown forward in the general 
direction of the opposite electrode. An experimental 
determination of the amount of sidewise spray may be 
decisive. A careful examination of X-ray pictures of 
drops, such as made by Sack"* could also throw light on 
the problem. It is quite possible, however, that some 
transfer takes place both ways and the question is not 
whether the particles seen in the moving pictures are 
solid drops or bubbles, but rather what is the proportion 
of drops to bubbles in a given welding arc. 


Crater Formation 


The crater is a depression on the base plate, ordinarily 
visible on the liquid metal, frequently extending below 
the original surface of the metal plate. After the arc is 
extinguished the depression is easily recognized on the 
solid metal (see Fig. 33). 

Strelow™ found that when the polarity of his steel. 
electrodes was reversed (electrode +) the crater ceased 
to appear and the molten metal was simply deposited on 
the top of the plate. This observation suggested that the 
crater formation is a phenomenon associated with the 
motion of the carriers of the current and Strelow attrib- 
uted the crater to the pressure of a high-velocity ion 
stream. Conrady and Miiller* found that with a copper 
plate as anode (below) and a carbon electrode as cathode 
(dbove) an inverted crater appears. The liquid copper, 
instead of becoming depressed, rises in the form of a 
small hill in the center of the arc stream. A similar 
phenomenon occurs, to a lesser degree between a carbon 
anode (above) and an iron cathode (below). These 
phenomena do not appear when the current is reversed. 
Conrady and Miiller** doubt the existence of the crater 
while the metal is in the liquid state and attribute the 
concave form of the end of the deposit to the process of 
cooling. The discussion between Strelow on one side and 
Conrady and Miiller on the other did not lead to agree- 
ment regarding the fundamentals. 

Doan and his students undertook a thorough study of 
crater formation in connection with investigations of 
ares in artificial atmospheres (see p. 36-s). In numerous 
experiments reported by Doan and Bounds” and by Doan 
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and Shang-Shoa Young™ it was found that no crater is 
formed when welding in inert gases such as helium, argon, 
nitrogen and chlorine. Only in the presence of a consid- 
erable admixture of oxygen is a crater formed. Accord- 
ing to an earlier theory of Doan™ the reduction of the 
surface tension at the center of the heated zone plays an 
important part in crater formation. The effect of sur- 
face tension on crater formation was studied by Doan 
and Smith® who reduced the surface tension of the weld 
metal by adding antimony or iron-oxide. No crater was 
observed in the complete absence of oxygen, but a de- 
creased percentage of oxygen was required for crater 
formation. Thus surface tension as a main cause of 
crater formation was ruled out. The force of the arc 
blast in various atmospheres was measured by Doan and 
Lorentz** who concluded that the variation of this force 
with the surrounding atmosphere by no means completely 
explains the absence of crater formation in oxygen-free 
atmospheres (see p. 37-s). No satisfactory explanation 
of crater formation has yet been obtained. 


The Role of Electrode Covering 


The fact that certain substances when brought into 
an arc facilitate the emission of electrons led to the idea 
of covering the electrodes with such material. This is, 
however, not the only effect the electrode coating has. 
Following Osborne" we list the functions the coatings 
on electrodes may perform: 


1. To dissolve or reduce impurities of the plate, thus 
to act as fluxes. 

2. To change the surface tension of the molten metal 
and make the flow of metal more uniform. 

3. To increase ‘arc stability by introducing materials 
which are easily ionized in the are stream. 

4. To produce a reducing or non-oxidizing atmos- 
phere around the are which will prevent con- 
tamination of the metal in the arc by oxygen and 
nitrogen from the air. 

5. To provide a layer of slag for the protection of the 
molten metal in the weld pool. 

6. To provide a cup around the end of the electrode, 
concentrating and directing the arc. 

7. To introduce materials which will alloy with the 
weld metal. 

8. To insulate the sides of the electrodes, so that the 
are is concentrated on the tip. This is impor- 
tant when welding in a deep kerf or V-groove. 


Light coatings do not generally perform more than the 
first three functions. Shielded or heavy-coated elec- 
trodes are of two general types: those which depend 
largely on the slag as a shield, and those which are made 
to produce a gaseous shield as well as the slag. The gases 
are not entirely absent in the former case as the coatings 
always contain material which is vaporized. 

The influence of the covering on the electrical charac- 
teristics of the arc is very marked. Hilpert™: ® noticed 
that the duration and frequency of short circuits are 
considerably lower with covered electrodes than with 
bare ones (see p. 25-s). A similar result was obtained 
by Strelow' who calculated the average size of drops 
from the number of short circuits and the amount of de- 
posited metal. These results were recently challenged 
by Larson*®’ who showed that not all transfer of material 
takes place during the short-circuit periods. 

Gas-producing coverings (cellulose) change the voltage 
drop across the arc. Welding with such covered elec- 

trodes is equivalent to welding in an artificial atmosphere. 
Larson™ investigated an unspecified '/,-in. weld rod with 
cellulose and sodium-silicate coating. The are voltage 
varied around 35—40 v. whereas with the bare wire it was 
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Fig. 14—Dynamical Characteristic.'‘' 5-Mm. Carbon Elec- 


trodes; Arc Length, 2.5 Mm.; 2.3 Amp., 50 Cycles 


only 20 v. or less. The gases formed during the burning 
of the covered arc were determined. The coating on a 
2-ft. length of '/,-in. rod is sufficient to produce | cu. ft. 
of gas at 100° C. The volumes of gases in cm.’*, pro- 


_ duced per cm. length at 100° C. and 760-mm. pressure 


were as follows: COs 1.9, CO 70.3, He 85.4, HO 9.3. 
As most of this is carbon-monoxide and hydrogen, it is 
natural that the electrical characteristics of such an are 
will be similar to the electrical characteristics of a bare 
wire arc in a carbon monoxide and hydrogen atmosphere. 
This was found to be the case. Welding with '/,-in. 
bare electrodes with an arc length of '/s in. at normal 
operating amperages the arc voltages in various atmos- 
pheres were as follows: 


Carbon-Monoxide................ 30 v 


By metallographic and chemical analysis Larson® showed 
a marked decrease in the nitrogen and oxygen content of 
the deposit due to the electrode covering. 

Regé"' analyzed a large number of commercial elec- 
trode coatings and discussed the effect of their composi- 
tion on the welding process in great detail. He dis- 
cussed the various constituents used in the manufacture 
of coverings (oxides, salts, reducing agents, organic 
compounds, etc.) and described the reasons why they are 
embodied in the coverings. It is no longer necessary or 
practical to develop formulas for electrode coatings em- 
pirically, as it is possible to prepare a mixture adapted 
to a desired purpose on the basis of the general princi- 
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ples explained in Regé’s paper. The question of alloying 
weld metal with materials introduced by electrode coat. 
ing is also discussed. Regé’s work leads into the domain 
of metallurgy and is beyond the scope of this report. 


The Alternating Current Arc 
Characteristics 


The characteristic discussed in connection with the 
d.-c. are describes the potential drop in an arc through 
which a current of uniform intensity is flowing. It is 
sometimes referred to as the stationary characteristic in 
contrast to the dynamic characteristic obtained with 
alternating current. The dynamic characteristic shows 
the fundamental fact that the potential drop during the 
increasing phase of the current is greater than the po- 
tential drop during the decreasing phase. The general 
outlook of the V = f(t) curve for the positive phase of 
the current is shown on Fig. 14. 

The hysteresis phenomena of electric discharges in 
gases were discovered by Simon about 1905. Simon and 
his students developed a technique of obtaining the 
dynamical characteristics by means of oscillograms. 
The current and the voltage across the are are recorded 
simultaneously as shown on Fig. 15 where for the sake 
of convenience the current curve is inverted with respect 
to the voltage. From these oscillograms the complete 
characteristic can be obtained. Simon"! developed a 
theory by means of which he could account for the shape 
of the dynamical characteristic. 

Lange” studied the influence of the following factors 
on the dynamic characteristic of the low-current (5-amp.) 
carbon are: are length (1-16 mm.), electrode diameter 
(2-15 mm.), pressure (14, 80 and 760 mm. Hg) and com- 
position of the surrounding atmosphere (air, No, H:, 
COz2) as well as the magnetic field. She applied Simons’ 
theory for the construction of dynamic characteristics 
from the stationary characteristics and found that quanti- 
tative agreement with the empirical dynamic charac- 
teristics can be obtained only if the stationary charac 
teristics are modified. 

As is to be expected, the appearance of the dynamic 
characteristic curve is influenced by any condition which 
has an effect on the heat flow at the electrodes. 

Todd and Browne” explored a.c. arcs by means of a 
cathode-ray tube of the Braun type. The cathode ray 
traced the volt-ampere curves on a screen describing the 
whole dynamic characteristic. Their investigations 
brought out several interesting facts about the magnitude 
of the voltage required to restrike an are (the highest 
voltage in Fig. 14) and the manner of breakdown, i.e., 
the starting of the discharge. In the case of arcs with 
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Fig. 15—Oscillogram"! 
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refractory electrodes, i.e., carbon and tungsten, no high- 
voltage is necessary to restrike the arc. This is believed 
to be due to the electrodes being at a temperature high 
enough for thermionic electron emission. For other elec- 
trode materials such as copper, iron or zinc re-ignition 


voltages of several hundred volts were observed. The 
stationary copper are gave a peak voltage of 360 v. 
When the cathode was kept cold by moving the cathode 
spot by means of a magnetic field, this peak rose to 535 
vy. After the peak voltage has been reached a glow dis- 
charge is initiated and this changes over into an arc dis- 
charge as the current increases beyond a critical value. 

Ramberg''* also found that a.-c. ares with carbon and 
tungsten electrodes show a behavior considerably dif- 
ferent from that of the copper group in so far as stability 
and extinction are concerned. 

Sommer'*’ explored a.c. characteristics of Fe, Cu, C, 
Zn and Mg arcs of fixed length (2-3 mm.) by the method 
used by Todd and Browne. Fifty-, 500-, 1000- and 8000- 
cycle a. c. was used with low currents. Three types of 
characteristics were observed. For very low currents 
(0.3 amp. effective) a characteristic associated with a 
glow discharge appears (Fig. 16). For high current (5 
amp. effective) ordinary are characteristics are obtained 
(Fig. 17). With medium currents (1-3 amp. effective) 
both glow and arc discharges develop and a double char- 


Fig. 16—Schematic Characteristic of a Glow Discharge!” 


acteristic results (Fig. 18). These three forms were ob- 
served on all metals investigated and also on carbon, but 
in this case it was necessary to work at a low pressure 
(150 mm. Hg). The values of the current at which an 
are discharge appears depend on the pressure and the 
composition of the surrounding atmosphere. Other 
things being kept constant these limiting values increase 
in the following order: Mg, C, Zn, Fe, Cu. This fact 
corresponds to Ramberg’s division of electrode materials 
irom the point of view of thermionic emission and a.c. 
are stability."'* 

In the case of a d.c. are the potential gradient in the 
positive column is independent of the length of the arc. 
From Ayrton’s formula (equation (4)) follows: 
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Fig. 17—-Schematic Characteristic of an Arc!” 
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Horst™* explored a.c. arcs and found that within the re- 
gion studied (50 and 250 cycles, 20-50 amp. effective, 
2—12-mm. are length) the gradient was independent of 
the arc length. The technique of this investigation con- 
sisted of measuring current, voltage and are length for a 
certain phase of the current by means of oscillograms. 
For a fixed phase Horst obtained the standard charac- 
teristic curves known for the d.c. arcs as shown in Figs. 
19 and 20. The gradient as a function of the phase 1s 
shown in Figs. 21 and 22. Assuming that the current is 
conducted entirely through the violet kernel of the arc 
and that the current density is uniform, graphs have been 
obtained for the variation of the current density with the 
phase (Fig. 23). From these graphs the energy input 
per unit volume could be computed (Figs. 24 and 25). 


E = B+ 6/1. 


Temperature 

Since the electric conductivity of the arc depends on 
the temperature it is natural that the electrical properties 
of an a.c. arc will be determined largely by the rate of 
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Fig. 19—Voltage and Current in the Phase 7/2 for Arcs of 
Different Lengths** 
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Fig. 20—Voltage and Arc Length in the Phase 2/2 for Dif- 


ferent Currents‘ 


heat loss and heat generation. In an a.c. arc the energy 
input oscillates with a frequency twice that of the cur- 
rent. The temperature will follow the oscillations of the 
input with the temperature maxima and minima lagging 
behind those of the current. Once the variation of tem- 
perature in the a.c. arc is known the shape of the char- 
acteristic is easily understood. If the minimum tem- 
perature is low then a high voltage is necessary for reig- 
nition, i.e., the peak of the characteristic will be high. 
If the thermal conditions are different and the arc is 
cooled to a less extent, the peak voltage will be lower. 
The first measurements on the dependence of the arc 
temperature on the phase of the current were made in 
1931 by Ornstein, Brinkman and Vermeulen.'"® The 
temperature of a 50-cycle, 220-v., 16-amp. aluminum 
arc was measured spectroscopically. Richter™ studied 
the temperature of a carbon arc in the neighborhood of 
the current-free instant by observing the inversion of the 
sodium spectra. Ramsauer"® determined the maximal 
and minimal temperature in the column of a 50-cycle 20- 
amp. carbon arc of 15-cm. length, using the absorption 
of 100-kv. electron rays for the measurement of gas den- 
sity in the arc. From this the temperature was com- 


puted. No correction was made for the dissociation of 
the gas and thus Tmax. = 5200° K. and Tin. = 4000° K. 
were obtained. 
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Engel and Steenbeck® explored the temperature of the 
copper arc in air for the full period of the current by 
means of density measurements carried out by measuring 
the absorption of a particles in the arc. This method was 
an improvement over the X-ray absorption method used 


in connection with d.c. arcs (see p. 15-s). On Fig. 26 
the dependence of gas temperature on current phase is 
shown. The maximum temperature lags about 18° be- 
hind the current. When the calculations are corrected 
for dissociation a maximum temperature of 4700° K. 
and a minimum of 3550° K. are obtained. Such tempera- 
tures as Engel and Steenbeck have shown are sufficient 


to account for the production of charge carriers by ther- 
mal ionization. 
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Fig. 21—Electric Gradient as a Function of the Phase, 50. 
Cycle A. 
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Fig. 22—Electric Gradient as a Function of the Phase, 250- 
Cycle A. C.* 
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Fig. 23—Current ae as a Function of the Phase, 50-Cycle 
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Fig. 24—Input per Unit Volume, 50-Cycle A. C., 16 Amp.* 
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Fig. 25—Input per Unit Volume, 250-Cycle A. C., 4 Amp.** 
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Fig. 26—Variation of the Temperature with the Phase in a 50- 
Cycle A. C. Arc According to Engel and Steenbeck* 


= uncorrected temperature calculated from the gas law; b = tem- 
perature corrected for dissociation, assuming complete equilibrium; 
c = temperature corrected for dissociation and diffusion, incomplete 
equilibrium. 


_Horst, Brinkman and Ornstein® measured the varia- 
tion of temperature in a carbon arc by observing intensi- 
ties of band spectra. Their results are shown graphically 
in Fig. 27. These investigators set up the energy balance 
in an a.-c. are and calculated the radial flow of heat in the 
plasma. The energy input as a function of the phase 
was determined by Horst,™ and the heat loss was com- 
puted. In addition to the heat used to raise the tempera- 
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ture of the gas and the losses due to conduction, radia- 
tion and convection, an additional source of heat loss 
has to be considered. During the period of heating the 
gas expands and during the period of cooling it contracts. 
This pulsation causes an additional radial transfer of 
energy. The axial flow of heat is neglected, and due to 
this fact the theory is not applicable in the neighborhood 
of the electrodes. After showing that radiation and 
conduction amount only to a very small fraction of the 
heat loss, Horst, Brinkman and Ornstein obtained a 
differential equation for the temperature 7 as a function 
of time ¢ and the distance from the center line of the 
discharge r. The differential equation contains the 
density, the heat capacity and the heat conductivity of 
the gas as parameters. The situation is complicated by 
the fact that these parameters in turn depend on the state 
of dissociation (unless one operates in a monatomic gas) 
and thus indirectly on the temperature. The rather elabo- 
rate computations in connection with the a.c. are in 
nitrogen have not led to an entirely satisfactory agree- 
ment with experiments and cannot be reproduced here. 
Kern” investigated the conditions of the plasma in 
the neighborhood of the electrodes. In this region the 
axial heat flow cannot be neglected. The flow of heat 
from the arc to the electrodes affects the thermal and 
electric properties of the plasma. One effect, which 
manifests itself in d.c. arcs as well, is that there is no 
thermal equilibrium in the neighborhood of the electrodes. 
The electron temperature is considerably above the gas 
temperature, as shown in Fig. 28. This is in agreement 
with the earlier results of Witte.'"> When the alternat- 
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Fig. 27—Variation of Temperature of a Carbon Arc as a Func- 
tion of the Phase® 
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Fig. 28—Schematic Temperature Distribution in a D.-C. Arc and 
in an A.-C. Arc at the Time of the Current Maximum (Phase x /2)?! 
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Fig. 29—-Schematic Temperature Distribution in an A.-C. Arc 
at the Time of 0 Current (Phase 0)’! 


ing current goes through the phase 0 the electrons quickly 


lose their excess energy (10~° sec.). The heat loss in the 
neighborhood of the electrodes is much greater than the 
heat loss elsewhere, and the temperature distribution 
becomes like that shown on Fig. 29. The sharp drop of 
temperature in front of the electrodes is observable in 
the form of dark spaces. Kern’s experiments were car- 
ried out with mercury arcs at atmospheric pressure, but 
there is reason to believe that the temperature distribu- 
tion in other arcs has similar characteristics. 


Probe Measurements 


The potential distribution within an electric discharge 
is explored by placing a suitable small auxiliary electrode, 
called the probe, in the discharge. However, the po- 
tential that an insulated probe assumes is not the space 
potential. Because of the small mass and consequent 
high mobility of electrons, the electron-current densities 
in an ionized gas are hundreds of times greater than the 
positive-ion current densities; therefore an insulated 
conductor introduced into a gaseous discharge soon be- 
comes negatively charged with respect to its surroundings. 
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In connection with investigations concerning electric 
discharges at low pressures Langmuir*®: *' developed the 
theory of collectors and methods applicable to potentia| 
measurements in the arc. The first method makes tse 
of the thermionic emission of electrons. A_ tungsten 
filament is used as a sounding electrode, so arranged 
that it can be heated when desired. The potential of 
this electrode is then varied and at each potential it js 
noted whether or not the current to it changes when the 
filament is suddenly heated to incandescence. Electrons 
emitted from the filament can escape only if there is an 
accelerating field around it. The filament is at the same 
potential as the space when the electrons are just able 
to escape. Some corrections have to be made for the 
voltage drop along the filament and for the initial veloci- 
ties of the electrons emitted. This method, although 
simple in principle, is not well suited for the exploration 
of high-temperature arcs. The other method consists 
of the measurement of the volt-ampere characteristics 
of a cold (not heated) sounding electrode. The theory 
of such electrodes, called probes or collectors, in low. 
pressure discharges has been developed by Langmuir 
and Mott-Smith.®: '' This theory is now available in 
current text-books on gaseous discharges.'*: °° 


If the potential of the collector is negative with respect 
to the space around it, it will attract the positive ions and 
repel the electrons; therefore it will become surrounded 
by a sheath of positive ions. This sheath is of such di- 
mensions that the total positive charge in it equals the 
negative charge of the collector so that the field of the 
collector does not extend beyond the sheath. The cur- 
rent taken by the collector is determined by the rate at 
which the ions arrive at the sheath edge due to their 
proper motion. Actually the sheath does not have a 
sharply defined edge. It is convenient, however, to take 
as the sheath boundary the surface at which the sharp 
drop of potential begins. Ina similar manner a positively 
charged collector becomes surrounded with an electron 
sheath. If a collector is highly negative with respect to 
the surrounding space only positive ions will reach it. 
If its potential is only slightly negative some electrons 
may still reach it if they have sufficient velocity to carry 
them against the retarding field. When the collector 
has a potential equal to or higher than the space po 
tential all electrons that are directed toward it will 
reach it. The flow of positive ions against a retarding 
field can be neglected on account of their smaller velocity. 

The volt-ampere characteristic of a plane collector is 
shown on Fig. 30. The slant line corresponds to volt- 
ages for which some electrons may reach the collector in 
spite of the retarding potential, V, is the space potential. 
For cylindrical or spherical collectors the line beyond 
the abscissa V. is not horizontal, but a sharp break at 
that point still remains. It is possible to obtain informa- 
tion concerning the velocity distribution of the electrons 
from the characteristic. 

If the electrons or any particles are distributed accord- 
ing to the Boltzmann law, then the ratio of their concen- 
tration in two regions where their potential energies are 
different is given by the equation: 


In = —E/kT (34) 


where m, and mz are the numbers of particles per uni! 
volume in the two regions, and £ is the work which must 
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Fig. 30—Characteristic of a Plane Collector in an Ionized Gas 
(V, Marks the Space Potential) 


be done in order to bring a particle from the second region 
to the first region. For electrons of charge e and the 
potential difference V = V; — V2, this work is — Ve, 
therefore 

In m/n2 = Ve/kT. (35) 


If the presence of a collector does not disturb the 
equilibrium corresponding to the Boltzmann distribution, 
then the current density at the surface of a plane collec- 
tor and the random current density in the ionized gas 
are in the same proportion as 7 is to m2, where m, is the 
relative number of particles in the immediate vicinity of 
the probe and m2 is the same in the ionized gas. Hence 
In J = const. + Ve/kT. For a plane collector with re- 
tarding field the natural logarithm of the current is a 
linear function of the retarding potential. This result 
was shown to be valid not only for a plane collector but 
for collectors of any shape having a convex surface.'®' 
Moreover, if the collector is immersed in an ionized gas in 
which the electrons have a Maxwellian distribution, the 
velocities and densities of electrons in the sheath of the 
collector will also be distributed according to the Max- 
well and Boltzmann laws, respectively, even in the 
absence of interchange of energy within the sheath. In 
other words, the electrons (and ions) retain the distribu- 
tion of velocities and densities corresponding to a state 
of statistical equilibrium even though they are subject to 
outside forces. 

The electron current flowing to a collector of any simple 
shape with a retarding potential is 

i = igetV/*T _ (36) 
where V is the potential of the collector with respect to 
the space potential, 7 is the current taken by the col- 
lector when it is at the same potential as the surrounding 
space (V = 0). Equation (36) is valid for V = 0 only. 
The currents to collectors with accelerating potentials 
(V > 0) have also been calculated by Mott-Smith and 
Langmuir'' for plane, spherical and cylindrical collectors. 

So far we have considered an ionized gas in which the 
velocities of ions and electrons have a Maxwellian dis- 
tribution. Mott-Smith and Langmuir'' also calculated 
the collector current for other velocity distributions, such 
as a parallel stream, all electrons having equal velocities, 
as well as for the combination of this distribution and 
the Maxwellian. This combination, i.e., Maxwellian 
distribution with a superimposed drift, is the one we ex- 
pect to meet in the plasma of the arc. 
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It must be remembered that this collector theory 
was developed with low pressure and low-current dis 
charges in mind. Consequently effects due to collisions 
of electrons or ions with neutral particles within the 
sheath had been neglected, as the mean free path at low 
pressure is large compared with the size of the sheath. 
This is not legitimate at atmospheric pressure, neverthe- 
less Langmuir’s results were applied, often quite uncriti- 
cally, to arcs at atmospheric pressures, as it was observed 
that the logarithm of the current was a linear function of 
the retarding potential in accordance with equation (36). 
The experimental procedure had to be modified, however, 
as a stationary probe quickly melts in the arc or at least 
heats up to a temperature at which the thermionic elec- 
tron emission from the probe interferes with the measure- 
ments. 

Nottingham’: '°* swung a carbon probe of 0.4-mm. 
diam. through the are so rapidly that it did not heat up 
significantly. He measured the collector current by 
means of a ballistic galvanometer and plotted its loga- 
rithm against the potential. The turning point of the 
graph gave the space potential as shown on Fig. 31. 
This method was applied to explore the potential dis- 
tribution of low current (1-4 amp.) cadmium and thal- 
lium ares in argon and copper arcs in air. 

Bramhall’ used a fine platinum wire as a probe. This 
was swung horizontally across a vertical arc drawn be- 
tween '/s-in. copper electrodes with a current not over 
7.5 amp. The volt-ampere characteristic of the probe 
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was obtained by superposing a small alternating potential 

on a direct potential of suitable magnitude and recording 
the probe current by means of an oscillograph. The 
complete characteristic was thus obtained on a single 
oscillogram. The drift current density was found to be 
of the order of 100 times greater than the random cur- 
rent density. This complicated the interpretation of the 
probe characteristic according to the collector theory. 
Bramhall’s results on the potential distribution in the 
are are not in agreement with those of other investi- 
gators (see p. 11-s). 

The shortcomings of the probe method and the dangers 
of obtaining biased results were pointed out by several 
investigators. Sloane and Emeléus'* showed that in the 
case of a short collector and small electron concentration 
the positive ion sheath which forms on insulating sur- 
faces near the collector may lead to misinterpretation of 
the characteristics of the collector. Mason”: %? found 
that the voltage of low-current carbon arcs increased 3 
to 12 v. when a small wire probe was inserted in the arc. 
This increase in total arc voltage did not depend on the 
potential applied to the probe. A dark space surrounded 
the wire indicating that the ionization was disturbed by 
the probe. The effect of this cooler dark space is such 
that the usual Langmuir probe determination of space 
potential, ion density and electron temperature will not 
give the characteristics of an are undisturbed by the 
measuring probe. Mason*’ designed a probe different 
from those used by Nottingham and Bramhall. Instead 
of swinging a short wire through the arc he wound a 
copper wire from one spool to another. The wire was 
moving along its own axis at a speed sufficient to prevent 
melting when in the arc. 

Myer’ used an arrangement in principle identical to 
that of Bramhall in connection with a cathode ray oscillo- 
graph. He measured a large variety of low-current 
arcs with Fe, Cu, C, Ni and Zn electrodes and found 
that the potential gradient in the plasma was constant. 
The anode and cathode drops obtained by Myer are 
tabulated in Tables 1 and 2. 

A probe measurement technique suitable for use on 
welding arcs was described by Conrady.'® A fine probe 
wire provided with an alternating potential superimposed 
upon a d.-c. potential is moved rapidly across the arc. 
The probe current and voltage are recorded by means of 
an oscillograph. When the probe potential reaches the 
space potential a definite kink appears in the curves. 
From this the space potential can be determined. Con- 
rady’’ and ROll'* applied this method for the exploration 
of a number of welding arcs (see p. 11-s). 

Langmuirs’ method of analyzing the potential distribu- 
tion in a discharge has been applied to a number of dis- 
charges in which the conditions are fundamentally dif- 
ferent from those that Langmuir assumed in the deriva- 
tion of the collector current formulas. In particular, the 
distribution of velocities is not always Maxwellian. 
Druyvesteyn® advanced the theory of collectors by show- 
ing how the distribution function of the velocity can be 
obtained from the probe characteristic. 

Sommermeyer™® discussed the effects of deviations 
from the Maxwellian distribution on the probe charac- 
teristics. Under rather complicated assumptions, for- 
mulas have been obtained for the probe current. The 
deviation from Langmuir’s results is largely determined 
by the decrease in electron concentration around the 
probe. Sommermeyer concludes it is correct to use 
Langmuir’s theory whenever the relationship between the 
logarithm of the probe current and potential is linear. 

Fragstein and Arndt® investigated the effect of the 
probe temperature and the resistance of the probe circuit 
on the results of space potential determinations in arcs at 
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atmospheric pressures. The probes were platinum wires 
of 0.05- to 0.6-mm. diam. and could be preheated elec- 
trically. It was found among others that the tempera- 
ture of the probe has a determining influence upon the 
characteristic. Probe temperatures of the order of 700° 
C. cause a 10- to 100-fold increase of the electron current. 

It should be emphasized that the probe technique is a 
device applicable to the low-pressure discharges. It has 
been applied to the high-pressure are for lack of some- 
thing better, but in view of the work of Mason: % as 
well as Fragstein and Arndt* one cannot attach too much 
significance to results obtained on welding arcs by means 
of this technique. 

Quite recently Mierdel'® reviewed the theory and ap- 
plication of probe measurements in a short article where 
further references to the literature may be found. 


Welding Arcs in Various Atmospheres 


Introduction 


Electric discharges in atmospheres other than air 
have long been of interest to the physicist. The theory of 
electric discharges and in particular that of the are could 
not have been developed without some knowledge of the 
influence of the atmosphere on the discharge. Experi- 
ments were carried out on arcs in hydrogen and nitrogen 
about the turn of the century. Among other things it was 
observed that arcs in hydrogen require a much higher 
voltage than arcs in air.” Investigations concerning 
arcs in rare gases soon followed. In the previous sections 
frequent references have been made to experiments per- 
formed in artificial atmospheres. In this section, how- 
ever, we shall restrict ourselves to the welding arc. In 
particular, we shall deal with results of experiments de- 
signed to establish the influence of the surrounding atmos- 
phere on the speed of welding and the properties of the 
deposited metal, or theoretical investigations which have 
a direct bearing on these problems. It is quite remark- 
able that experiments performed with an immediate 
practical purpose in mind have revealed phenomena 
which, when better understood, will undoubtedly con- 
tribute greatly to our knowledge of the fundamental 
laws of electric discharges. Fundamental research in 
physics and experiments designed to improve welding 
went hand in hand. The discovery of the atomic hydro- 
gen welding process was due to Langmuir’s work on heat 
loss from incandescent tungsten wires. On the other 
hand, the unusual properties of welding arcs in inert 
gases as well as the effect of oxygen on crater forma- 
tion may yet lead to a better understanding of the 
mechanism of the arc. 

It is convenient to consider welding arcs in hydrogen, 
in inert gases, in diatomic gases and under water sepa- 
rately, as the phenomena in these atmospheres are 
widely different both from the theoretical and the prac- 
tical point of view. 


Arcs in Hydrogen—Atomic Hydrogen Welding 


Langmuir’: * observed that when a tungsten wire is 
heated to incandescence in hydrogen, the heat loss by 
conduction and convection increases with approximately 
the 1.9th power of the absolute temperature until about 
1700° K. is reached. For higher temperatures the heat 
loss increases more rapidly. At atmospheric pressure 
between 2600° and 3400° K. the heat carried away is 
proportional to 7*. This phenomenon suggests that 
molecular hydrogen decomposes into atomic hydrogen 
with the absorption of a large amount of energy. The 
atomic hydrogen then diffuses away from the tungsten 
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wire and recombines into molecular hydrogen, liberating 


the absorbed heat. It was found that the heat loss from 
the wire was greater at low pressures than at atmos- 
pheric pressure. This confirms the theory of dissociation, 
as the degree of dissociation of a gas increases with de- 
creasing pressure in accordance with the law of mass ac- 
tion. 

Langmuir separated the heat loss of an incandescent 
tungsten wire due to conduction and radiation from the 
heat loss due to dissociation and diffusion of atomic 
hydrogen. From the latter he computed the degree of 
dissociation and the heat of dissociation using at first 
van't Hoff’s equation 


dinK AH 
a. 


where K is the equilibrium constant defined as p;*/po, 
p, being the partial pressure of atomic hydrogen and p2 
the pressure of the molecular hydrogen, AH is the heat 
of dissociation and R the gas constant. According to a 
well-known thermodynamic relation 


dAH 
dT 


where AC, is the increase of specific heat due to dissocia- 
tion. This is known as a function of the temperature, 
therefore AH is determined up to a constant Af). This 
constant and the constant entering upon integration of 
equation (38) was originally computed by Langmuir 
from his experimental data.”* Later, however, Lewis 
and Randall** pointed out that this second constant 
can be calculated from the third law of thermodynamics. 
Thereupon Langmuir revised his computations® and 
arrived at the equation: 


(38) 


= AC,, (39) 


+ 1.765 loge T — 
9.85 X 10°T — 0.256. (40) 


In this equation only the coeffitient 21,200 was found by 
experiment. The heat of dissociation at constant pres- 
sure is 


H = 97,000 + 3.5T — 0.000457? 


in small calories per gram molecule of hydrogen. 

Langmuir tabulated the values of K for temperatures 
ranging from 300 to 10,000° K.* In the same table x, 
the proportion of hydrogen molecules dissociated at 
atmospheric pressure, is given. The two quantities are 
connected by the equation K = 4x*/1 — x*. At3000°K.., 
x = 0.090, but it increases very rapidly; at 4000° K. 
x = 0.625 and at 5000° K. x = 0.947. 

It has been shown that the loss of heat by conduction 
and convection from a body at temperature 7, in a gas 
at temperature T, is W. = S(¢2 — $1) provided the gas is 
not dissociated appreciably. S is the shape factor which 
is independent of temperature, but depends on the size 
and shape of the body. ¢ is the integral of the heat con- 
ductivity k from 0 to T, thus 


T2 
— oi = kdT. 
Ti 


The effect of dissociation is to increase the heat carried 
from the body by an amount: 


Wop = SDQiC, (42) 


where D is the diffusion coefficient of hydrogen atoms 
through molecular hydrogen, Q; the heat evolved when 
one gram of hydrogen atoms combines to form molecules 
and C the concentration of atomic hydrogen at tempera- 
ture 7). It was found that 


D = 0.002147;"”. 


(41) 


(43) 
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At temperatures between 2000° and 3000°, where the 
recombination takes place Q; is about 49,000 calories or 
205,000 watt seconds. 

After proper substitutions and application of the gas 
law one obtains: 


Wo = 10.7SVT2Px/1 + x, (44) 


where W > is in watts, P the pressure in atmospheres and 
Sinem. For small values of x this expression is approxi- 
mately proportional to x and thus increases rapidly with 
the temperature in the range of 2000 to 3600° K. At 
T: = 3600 and one atmosphere Wp = 1705S, whereas we 
find for ordinary heat conductivity W. of hydrogen be- 
tween 3600° and 300° K. only 22.4S. Thus the heat 
conductivity between 3600° and 300° K. is increased 
8.6-fold by the dissociation. 

These computations apply not only to heat losses of 
tungsten filaments in hydrogen, but also to heat losses 
of electric arcs in hydrogen. Langmuir produced a 10- 
amp. d.c. are in hydrogen between tungsten electrodes 
about 7 mm. apart. The potential gradient was 150 v. 
per cm., this being about 15 times the voltage gradient 
in nitrogen or oxygen. It is not possible to account for 
the dissipation of energy of 1500 watts per cm. length of 
arc by ordinary heat conduction and convection. Lang- 
muir showed that most of the heat was carried by dif- 
fusion of atomic hydrogen. 

This property of atomic hydrogen of being capable of 
carrying unusually large amounts of heat is utilized in 
atomic hydrogen welding. A jet of hydrogen is directed 
from a small tube into an are and the atomic hydrogen is 
thus blown out, forming an intensely hot flame. Lang- 
muir estimated the temperature of the atomic hydrogen 
flame at well over 4000° K.* Wartenberg and Reusch!” 
found it to be 4600 to 4800° K. from spectroscopic 
measurements. Suits'®’ computed from Saha’s equation 
values between 6500 to 7400° K. 

Equation (44) can be used for an estimation of the 
energy delivered by a stream of atomic hydrogen. It is 
possible to obtain more heat from an are in hydrogen 
than in other gases. Diatomic gases like nitrogen also 
dissociate at the temperature of the arc, but to a lesser 
degree. Table 8 shows the degree of dissociation of 
hydrogen, nitrogen and oxygen at one atmosphere pres- 


Table 8 
Degree of Dissociation: x 
Temp., ° K. H N O 
3000 0.090 0.0003 0.12 
4000 0.625 0.016 0.79 
5000 0.947 0.168 0.99 


From Table 8 one can conclude that at 3000° K. the 
pressure of atomic hydrogen is 16.6% of the total pres- 
sure, but the pressure of dissociated nitrogen and oxygen 
is only 5% of the total pressure of air. At 4000° K. 
these percentages are 77 for hydrogen and only 30 for air. 
As more heat is carried away in hydrogen than in air or 
other gases, more electrical energy is necessary to main- 
tain the arc. In order to draw a welding arc in hydrogen, 
it is necessary to have an open-circuit voltage of at least 
120 v.!. According to Langmuir and Weinman!” the 
most satisfactory open-circuit voltage with a. c. is 350 
to 400. 

In normal operation the drop across the arc is in the 
neighborhood of 80 v. A stream of hydrogen is blown 
through the arc and the atomic hydrogen flame is directed 


35-s 


wires 
elec- 
pera- ; 
1 the | 
700° | 
rent 
-isa 
t has 
ome- 
97 45 
d 21,200 
the 
ave 
ate 
: 
on- 
tal 
in 
ro- 4 
ler 
ert 
la- 
he 4 
a- 
re 
LC- 
: 
ly : 
at i 
re 
is : 
at 
n 4 
: 


toward the work. Sufficient hydrogen is used not only to 
surround each of the tungsten electrodes to their tips, 
but to form a blast which blows the atomic hydrogen 
against the work and bathes it in hydrogen. The use of 
hydrogen not only increases the speed of welding, but it 
produces a weld much superior to the weld produced in 
air. According to Wilson!” the advantages of the atomic 
hydrogen welding process are: 


1. Metal of the same analysis as the part being filled 
can be deposited. For this purpose the filler rod should 
be of the same analysis as the part welded, except that it 
should contain one-third more carbon. 

2. The heat-treating properties of the deposited 
metal are the same as those of the part welded. This is 
especially important in repairing tools and dies. 

3. The deposit is smooth, ductile and free from any 
pinholes and impurities such as oxide inclusions, etc. 

4. The weld is clean and the work is not pitted with 
weld spatter. 


5. The thickness of the deposit can easily be varied. 


Arcs in Inert Gases 


It is not intended to give an account of investigations of 
low-current arcs in inert gases. Interesting as they are, 
-these experiments were carried out in order to explore 
the spectra of the gases involved or the fundamental 
properties of electric discharges in gases which were 
briefly reported on pp. &-s-15-s. It is necessary to re- 
strict this report to welding arcs in inert gases and the 
properties of weld deposits made in these gases. 

As the elements of the atmosphere greatly influence 
the weld deposits made in air, e.g., in the form of oxide 
and nitride formations, it was natural to inquire if welds 
could be produced in atmospheres which cannot combine 
chemically with the deposit. An extensive study of 
welding in inert gases was undertaken by Doan and 
collaborators at Lehigh University.*°~* 

Doan and Myer*’ reported in 1932 that they could not 
obtain an are in highly purified argon between pure iron 
electrodes with open-current voltages up to 60 v. Arc 
could be struck in commercial argon, or if the electrodes 
were not carefully cleaned. Subsequently higher volt- 
ages were tried and the results as summarized by Doan 
and Schulte*! are as follows: 

“Stable welding arcs cannot be maintained in argon of 
99.5 per cent purity, when the electrode is clean, unless 
the open-circuit voltage is greater than 62 volts and the 
short-circuit current greater than 110 amperes. In air 
or impurer argon, stable arcs form readily at currents 
and voltages far less than these minima. 

“No crater is formed under the iron are in argon. 
This condition results in a complete lack of penetration 
in the base metal. 

“The globules at the end of the electrodes grow gradu- 
ally to about '/, inch in diameter and detach under no 
apparent force except that of gravitation. Transfer of 
metal takes place at the rate of about one every three 
seconds, whereas in air the globules are much smaller and 
fall at the rate of 10 to 15 per second. 

“The melting rates per kilowatt hour in argon and in 
air are approximately equal. 

“An attempt was made to find out what percentage 
admixture of air was necessary in the argon in order to ° 
obtain penetration and fusion. When welding in 50 
per cent argon and 50 per cent air, the penetration was 
about equal to that obtained in air.”’ 

Doan and his collaborators extended their investiga- 
tions to include helium and several diatomic gases, as 
well as their mixtures.’’: The main object of their 
work was to determine the conditions and causes of 
crater formation and penetration as well as the metal- 
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(a) in helium 


(b) in argon 


(c) in"80% He + 


20% 0» 


(d) in 80% A + 


0 Or 


Fig. 32—Cross Sections of Steel Deposits Made in “Artificial 
Atmospheres** 


lurgical properties of the deposited metal. Deposits 
made in helium with steel electrodes are very similar to 
deposits made in argon. The metal forms a silvery bright 
high standing bead almost circular in exterior section. 
It is very porous, contains numerous blowholes as seen 
in Figs. 32 (a) and 32 (6). There is no crater formation; 
the convex shape of the end of the deposit is evident from 
Figs. 33 (a) and 33 (6). Penetration occurs at unusually 
high currents only, such as 200 or 250 amp. in a '/,-in. 
wire and on '/,-in. thick plates.“ It is recognized from 
these observations made in helium and argon atmos- 
pheres that crater formation is not essential for pene- 
tration as was previously believed. Penetration or fu- 
sion is due chiefly to heat flow, even though it is facilitated 
by crater formation. Welds were also made in mixtures 
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of oxygen and argon as well as oxygen and helium.” 
In an atmosphere of 20% oxygen and 80% helium or 
argon the are is accompanied by a shower of sparks as in 
air. There is no large globule attached to the electrode 
but rather small drops of metal rain down rapidly. 
Crater formation during welding can be observed and a 
permanent crater is not so deep as that observed in air 
under the same conditions (Figs. 33 (c) and 33 (d)). 
The weld looks solid, it is not porous, but contains a few 
gaseous inclusions (Figs. 32 (c) and 32 (d)). Penetra- 
tion is moderate. With the oxygen content increased 
to 30% the are cuts deeper into the base metal. A crater 
is observed all the time the welding is proceeding and a 
permanent one is left at the end of the layer. Experi- 
ments with 10% oxygen show less penetration and a 
shallower crater formation than in 20% oxygen atmos- 
phere. As the oxygen content is decreased to 5%, the 
crater is not observable any more and penetration is very 
poor. Thus, both penetration and crater formation are 
related to the oxygen content of the atmosphere. 


Arcs in Diatomic and Mixed Gases 


To determine whether or not a diatomic but non- 
oxidizing gas would behave differently with respect to 
crater formation than the monatomic inert ones, a 
number of welds have been made in nitrogen of high 
purity (99.8%). The result is negative. In that respect 
nitrogen is similar to helium and argon. On the other 
hand, at the same current density and arc voltage, a 
weld made in nitrogen has better penetration than one 
made in pure helium or argon. 

The weld deposits are similar in general appearance to 
those produced in inert gases. Porosity is somewhat de- 
creased and the rate of melting of a bare electrode is 
more than twice the melting rate in air or inert gases at 
the same current and voltage. 

The phenomena observed in atmospheres of 80% nitro- 
gen and 20% helium or argon are similar to those ob- 
served in pure nitrogen, namely, no crater but moderate 
penetration. With 20% nitrogen and 80% helium or 
argon, the welds resemble those made in pure inert gases. 
Although no crater formation was observed in pure nitro- 
gen, the admixture of less than 1° of oxygen is sufficient 
to produce crater formation. In inert gases the admix- 
ture of more than 5° oxygen is necessary.” 

The effects of a chlorine atmosphere are similar to 
those of nitrogen as regards general appearance and the 
absence of crater. The weld deposits resemble those 
made in nitrogen. 


(a) in pure helium (b) in argon 


Steel welds in hydrogen show no true crater formation, 
but considerable fusion into the plate. A crater is 
formed momentarily when the arc is struck, but as soon 
as any deposition of the metal takes place, the arc goes 
to the deposited metal rather than to the plate and the 
bead is built up by large drops quietly falling. The 
welds are extremely porous. Pure iron deposited in 
hydrogen absorbs far more gas than steel does and con- 
tinues to bubble and blow for some seconds after deposi- 
tion. There is a marked difference in the solubility of 
hydrogen in pure iron and steel.”’ 

Welds were also made in hydrogen-nitrogen mixtures, 
illuminating gas and carbon monoxide.*’ 

One of the most important results of these investiga- 
tions was the observation that crater formation and 
penetration are not intrinsic properties of the iron arc, 
but depend on the surrounding atmosphere. It became 
clear, subsequently, that it is impossible to separate the 
properties of the arc from those of the atmosphere sur- 
rounding it. There is a mutual interaction between arc 
and its atmosphere. The electric energy is converted into 
heat in the arc and this heat brings about a dissociation of 
diatomic gases, if there are any, in which the are burns. 
The degree of this dissociation determines largely the 
amount of heat carried away from the are and this 
quantity in turn determines the electrical characteristics 
of the are. These considerations lead us to questions of 
thermal and electric stability which are treated on pp. 
19-s—23-s. 

The crater formation has been the subject of consider- 
able interest and various explanations were advanced for 
reasons of its formation. It was assumed that the 
formation of the crater was a pressure and/or surface 
tension effect. The pressure has been ascribed to the 
electron stream from the electrode tip and the blast of 
expanding gases as well as metal globules moving from 
the wire to the plate. The higher temperature of the 
metal in the center of the pool results in a lower surface 
tension at the center in comparison with the sides. 
According to an early explanation of Doan™ the molten 
metal spreads away from the center due to this surface 
tension gradient. This explanation was based on the 
classical ether-water-surface-tension experiment of Rént- 
gen. 

To test the effect of changing the surface tension of the 
molten metal Doan and Smith” made welds in oxygen- 
free atmosphere, adding to the electrode or the plate a 
small amount of antimony, which is capable of reducing 
the surface tension. The shape of the weld is greatly 
affected by the reduction of surface tension. The de- 


(c) in 80% He + 20% O, (d) in 80% A + 20%0, 


Fig. 33—Steel Deposits Made in Artificial Atmospheres; All Welds Made at 120 Amp, 22 V. Across the Arc* 
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posit becomes flat, penetration is almost absent in inert 
gases, but no crater appears. It is observed, however, 
that a considerably smaller amount of oxygen is necessary 
to produce crater formation when the weld is made with 
an antimony-coated electrode. Antimony coating of the 
electrodes has a significant influence on the whole be- 
havior of the are in helium or argon atmosphere. The 
are is noisier, spatter is worse than with bare electrodes. 
Metal transfer occurs in relatively small droplets. The 
rate of melting is two to three times that of the bare 
electrode in inert gases. The voltage across the arc is 
50% higher. In nitrogen and chlorine no crater forma- 
tion was observed with antimony-coated electrodes and 
the addition of antimony affected the melting rate and 
the character of deposit only slightly. 

While the decreased surface tension may favor crater 
formation, it is not sufficient to produce that effect with- 
out the presence of oxygen. 

After the surface tension was thus ruled out as the 
principal cause of crater formation, Doan and Lorentz*® 
investigated the force of the are blast and the tempera- 
ture distribution of the deposited mttal. The results of 
the force determinations are reported on p. 24-s. The 
conclusion is: “Although at the same energy inputs the 
force of the arc blast in air is always higher than that in 
the oxygen-free atmospheres; at high energy inputs in 
the inert gases, when the force is greater than that neces- 
sary to form a crater in air, no crater is evident. There- 
fore, some other factor or factors, possibly in conjunc- 
tion with the force of the arc blast must explain crater 
formation.” It is likely that temperature is one of these 
factors. Estimations and rather indirect measurements 
of the temperature of the molten metal show that this 
temperature is greater for a metal deposited in air than 
that deposited in an oxygen-free atmosphere. This 
higher temperature lowers the surface tension sufficiently 
to allow the arc blast to blow the depression. 

The higher temperature in air is probably partly due 
to the dissociation of oxygen in the are and its recom- 
bination at the surface of the deposited metal (see p. 
35-s). This was pointed out by Suits as early as 1935.'° 
Also, the oxygen reacts chemically with the iron, forming 
iron oxide, thereby generating a considerable amount of 
heat. A different view was taken by Engel* who came 
to the conclusion that the temperature of the electrodes 
in air is higher than in neutral gases because the oxygen 
combines with the metal and the oxide layer immediately 
below the cathode spot substantially reduces the conduc- 
tion of heat. Engel calculated that in the case of a 100- 
amp. arc between copper electrodes a cathode drop of 
about 30 v. would be necessary to replace the energy 
lost by conduction through the electrode alone, if the 
electrode were pure copper. The presence of a layer of 
CuO reduces this value to less than 1 v. In the case of 
a 10-amp. are the necessary potential drop is reduced 
from 100 to 2.5 v. These calculations were given to 
explain the effect noticed by Doan and Myer*® that stable 
arcs in argon could not be maintained below a consider- 
able current and open-circuit voltage. 

Engel’s effect may not be quite so great in iron which 
is not so good a conductor as copper. Nevertheless, the 
higher temperature in air may be due to a combination of 
both effects proposed by Suits and Engel, respectively. 

Another explanation of the instability of an arc in pure 
argon under the conditions described above was given by 
Mason.* He and Compton have shown theoretically 
that the cathode fall of a high-field arc should be higher 
than that of the thermionic are by about 5 v. Accord- 
ing to Doan and collaborators the are voltage is 5 to 7 
v. higher in the pure gas than in the impure gas. This 
suggests that the arc in pure argon is a high-field arc, 
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while with a trace of impurity an oxide layer forms on 
the iron which emits electrons thermionically. 

In a more recent work Becken and Sommermeyert 
disputed the results of Mason. In particular they found 
that under certain conditions the cathode drop of a 
thermionic are exceeds that of a high-field arc, and more- 
over that the emission of the electrodes in a high-field 
are as well as in a thermionic arc is greatly dependent on 
the gas layer on the cathode. In consequence the irm- 
purities of the electrode and the surrounding gas will 
have a determining effect on the current-voltage region 
in which the arc is functioning. 

In connection with an investigation concerning the 
effect of electrode coating Larson™ obtained results con- 
cerning the voltages required for welding arcs in arti- 
ficial atmospheres (see p. 28-s). 


Underwater Welding 


While all efforts to make deposits under water with 
bare electrodes have been futile, it was found possible to 
produce satisfactory welds with properly coated elec- 
trodes. Hibshman and Jensen® obtained good welds 
under fresh water with two types of commercial elec- 
trodes, one with organic, the other with metallic oxide 
coating (composition not given). Hrenoff and Liv- 
shitz®’ welded both under fresh and salt water with mild 
steel electrodes. A multilayer coating was used, the 
first layer being made of chalk powder mixed with a 
solution of liquid glass, the following layers consisting of 
iron oxide mixed with 2% magnesium carbonate also 
mixed with liquid glass. For use in sea water the elec- 
trodes had to be varnished to prevent électrolysis. 

A great deal of metal is pulverized in underwater weld- 
ing and forms a colloidal solution. Non-metallic sub- 
stances introduced into the are are also vaporized and 
go into colloidal solutions. The water around the arc 
soon becomes dark and obstructs the view of the welder. 
This seems to be one of the principal difficulties of under- 
water welding. 


The Magnetic Blow 


The arc is a flexible conductor of electricity. Electro- 
magnetic forces acting upon this conductor will deflect it. 
This phenomenon is known as the magnetic blow. 


Fig. 34—Magnetic Field Around a Conductor 


JANUARY 


“Ee 
' 
a 
| 
at 
= 
7 
‘ 
| 
4s 
* 3 
A 
; 


ms on et of magnetic force around a conductor are shown both in 
the presence and in absence of an outside magnetic field. 
neyert According to the theory of Faraday the force of the mag- 
found netic field is such that it tends to shorten the lines of 
. of a force and increase the distance between them. Thus the 
more- force acting on the conductor shown in Fig. 35 will tend 
h-field to move the conductor forward. An iron block placed 
ent on next to the conductor distorts the magnetic field as 
e im- shown in Fig. 36 and, according to the principle just 
S will stated, the magnetic force will tend to move the conduc- 
region tor toward the block. The deviation of the welding arc 
toward a large iron block in its neighborhood is well 
g the known. The magnetic field around a welding arc 
$ con- operated near an iron block is shown in Fig. 37. The 
arti- direction in which the current flows has no influence on 
Fig. 35—Magnetic Field of a Conductor in Interaction with an the magnitude of the distortion of the magnetic field by 
Outside Magnetic Field the work. 
Not only the presence of a block or large iron plate 
with oa causes arc blow but also the magnetic field of the current 
dle to : itself as shown in the figures of Meller.’”” When the con- 
elec- ; nection to the plate is near the arc, the magnetic field 
welds ; ‘ is as shown on Fig. 38 with a resulting blow away from 
elec- - , the point of contact Fig. 39. This blow effect can be 
oxide : eliminated by providing another contact for the return 
Liv- ) 
mild 
, the P Pa 
ng of 
also 
elec- : 
veld- 
sub- 
and AD 
> are 
Ider. Fig. 36—Magnetic Field of a Conductor in the Neighborhood C i) 3 
ider- of an Iron Block + = 
N 
/ 
A Fig. 38—Magnetic Field of an Arc in the Proximity of Its Return 
Connection 
it. 


.Fig. 37—Magnetic Field Around an Arc When Welding near an 
Iron Block 


The force P acting on conductor of length / in a magnetic 
field of 7 gauss can be computed from the law of Biot 
i and Savart. P = 0.1i/H, where i is measured in amp., 

lin em. and P in dynes. The force acting on a welding 

are of about 100 amp. in moderate magnetic fields is very 
small; nevertheless, it is sufficient to deflect the arc to a 
3 considerable extent. 

The effect of the magnetic forces is analyzed most 
conveniently by means of diagrams of the magnetic 
flux. Following Meller®® on Figs. 34 and 35 the lines Fig. 39—Arc Blow Due to Return Connection 
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Fig. 40—Magnetic Field in the Case of Balanced Return 
Connections 


Fig. 41—-Arc Balanced by Two Return Connections 


becomes symmetrical, Fig. 40, and the blow disappears, 
Fig. 41. 

Meller*’ has also shown that the position in which the 
electrode is held in relation to the work will also influence 
the magnetic field surrounding the arc. It is, therefore, 
possible to counteract blow to some extent by tilting the 
electrode. 

Meller’s results have been made available in English 
by Notvest."° Using these results Schellong™' has shown 
how magnetic blow can be utilized to make welding easier. 
Numerous examples have been given showing how to 
place the return leads so as to produce a blow favorable 
under the given condition and how to eliminate a blow 
that is likely to interfere with the welding process. 

Rietz'™ published a large number of pictures showing 
the structure of the magnetic field in the vicinity of a 
welding arc and the dependence of this field on the work, 
return lead, etc. These pictures were taken by spreading 
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lead in such a way that the magnetic field around the arc 
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pulverized iron on a sheet of paper placed on the wor 
with the electrode attached to the plate at the point oj 
contact. 

In a recent article Jennings and White” gave a clear 
analysis of the magnetic blow and published experimenta| 
findings concerning the arc blow with a.c. ares. The 
fundamental principle in their theoretical considerations 
is that if the magnetic field around the arc is symmetrica| 
there can be no magnetic blow. As soon as the sym. 
metry of the field is disturbed the arc is deflected. [y 
the case of a d.c. arc the symmetry of the field is affected 
by two basic factors: 


“1. The change in direction of current flow as it 
enters the work and is conducted away toward 
the ground connection. 

2. The asymmetric arrangement of magnetic mate- 
rial around the arc... .’’”° 


In considering the effect of the second factor, it is always 
helpful to visualize the flow of magnetic lines. In the 
vicinity of an edge the arrangement of magnetic materia! 
is far from being symmetrical. The lines of magnetic 
flux adhere to the ferrous metal and therefore, even if the 
ground connection is immediately beneath the arc the 
concentration of magnetic lines will be higher between 
the arc and the edge than away from the edge. This 
asymmetry results in a force blowing the arc away from 
the edge. 

When welding with a. c., eddy currents are induced in 
the work. These currents produce a magnetic field of 
their own which tends to neutralize the field of the arc 
current. When a. c. is used for welding, the magnetic 
blow is thus greatly reduced. Under certain conditions 
the eddy currents themselves may produce a resultant 
force on the arc. This occurs when the eddy currents are 
not symmetrically located with respect to the are. Dur- 
ing the welding process a part of the work is raised above 
the critical temperature (about 730° C.) at which the 
material becomes non-magnetic, while the material out- 
side the heated section retains its magnetic properties. 
The arc is always at the forward end of the non-magnetic 
section. The field around the arc is displaced and there- 
fore the center of action of the eddy currents is displaced 
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Fig. 42—Asymmetric Location of Eddy Currents Caused by 
Heated Non-Magnetic Area 


JANUARY 


and t 
force 
Jet 
curre! 
yassa 
difier 
very 
lamin 
Jer 
bk yw 
yidin 
{ron | 
lines. 


Rev., 
Chara 
3 
Ant 
ode V 
a 
the P 
t 
Durt 
Phys 
per / 


Phy: 


‘ 
| 
(19: 
\y 
OY 
Ib 
| 
FORCE t 
ON ARC 
yyy 
Ca 


and the’ field of the eddy currents produces a resultant 
jorce in the direction of welding (see Fig. 42). 

Jennings and White” studied the influence of eddy 
currents by producing a laminated workpiece in which the 
passage of the eddy currents could be prevented. The 
difference in magnetic blow between a.c. and d.c. arcs is 
very significant when a solid workpiece is used; for a 
laminated workpiece the difference all but disappears. 

Jennings and White have also shown how the magnetic 
blow near the edges of a groove can be reduced by pro- 
viding a magnetic shunt. This is nothing but a piece of 
iron placed so as to permit the passage of the magnetic 
lines. 


Bibliography 


1. Alexander, P., 
Rev., 29, 169-174 (1926). 

2. Anderson, S. H., and Kretchmar, G. G., “Short Length Tungsten Arc 
Characteristics,” Phys. Rev., 26, 33-43 (1925). 

3. Beckev, O., and Seeliger, R., “‘Mechanismus der Bogenentladung,”’ 
Anv. d. Physik, 24, 609-635 (1935). 

$. Becken, O., and Sommermeyer, K., ‘‘Uber die Vorginge an der Kath- 
ode von Bogeneatladungen,”’ Z. / Phys., 102, 551 561 (1936). 

5. Beer, H. E. G., and Tyndall, A. M., “‘Manometric Observations at 
the Poles of an Electric Arc,” Phil. Mag., 42, 956~-971 (1921). 

6. Betz, P. L., and Karrer, S., ‘A Characteristic of the Copper Arc 
During the Formative Period,’ Phys. Rev., 49, 860-861 (1936); Jnl. Appl. 
Phys., 8, 845-848 

7. Bramhall, E. H., ‘Langmuir Probe Measurements in the Normal Cop 
per Arc,” Phil. a. 13, 682-704 (1932). 

8. Brauer, E., kathodischen Vorgange im Bogenstrome,’’ Ann. d 
Physik, 60, 95 ios (1919). 

9. Bung, K., ‘“Werkstoffiibergang im elektrischen Schweisslichtbogen,’’ 
Z. VDI, 72, 750 (1928). 

10. Child, C. D., “Velocity of lons Drawn from the Electric Arc,’’ Phys. 
Rev., 12, 137-150 (1901). 

ll. Child, C. D., ‘Discharge from Hot CaO,” Jbid., 32, 492-511 (1911) 

12. Child, C. D., Electric Arcs, New York, 1913 

13. Cobine, J. D., Gaseous Conductors, New York, 1941 

14. Compton, K. T., “Theory of the Electric Arc,’’ Phys. Rev., 21, 266 
291 (1923) 

15. Compton, K. T., Electric Arc,"’ Trans. A. 1. E. E., 46, 868-878 


“Are Welding in Hydrogen and Other Gases,” G. E. 


i6. Compton, K. T., “ 
1090 (1931). 

17. Compton, K. T., and Langmuir, I., 
1," Rev. Mod. Phys., 2, 123-242 (1930). 

18. Compton, K. T., and Van Voorhis, C. C., “Heats of Condensation of 
Positive lons and the Mechanism of the Mercury Arc,’’ Proc. Nat. Acad. Sci., 
13, 336-341 (1927). 

19. Conrady, H. von, erteilung im Schweisslichtbogen,”’ 
Elektroschwg., 8, 101-106, 125-128 (1937 

20. Conrady, H. von, “Der im Schweisslichtbogen,’’ 
lbid., 11, 109-114 (1940) 

21. Conrady, H. von, and Miiller, G., * 
Schweisslichtbogen,"’ /bid., 4, 1-6 (1933). 

22. Creedy, F., — Collaborators, “Forces of Electric Origin in the Iron 
Arc,” Trans. A. 1. E. E., $1, 556-563 (1932) 

. 23. Doan, G. E.* ‘Cathode Energy of the Welding Arc,"’ /bid., 49, 723 
731 (1930) 
Doan, G. E., ‘Concerning Crater Formation,’ THe Jour 
, 11 (7), 17-18 (1932) 

25. Doan, G. E., Ludwig, L. R. and Myer, J. L., Discussion, Trans. A. / 
, 51, 563-566 (1932) 

20. Doan, G. E., ‘““Metal Deposition in Arc Welding,’”’ THe Wetpinc 
Journat, 17 (1), Research Suppl., 15-19 (1938). 

27 Doan, G. E., and Bounds, A. M., ““Arc Welding Atmospheres,"’ /bid., 
17 (6), Research Suppl., 1-4 (1938). 

28. Doan, G. E., and Lorentz, R. E., “Crater Formation and the Force of 
the Electric Welding Are in Various Atmospheres,”’ /bid., 20 (2), Research 
Suppl., 103-s to 108-s (1941) 

29. Doan, G. E., and Myer, J. L., 
(11), 26-28 (1932). 

30. Doan, G. E., and Others, ‘‘Arcs in Inert Gases, I-III"; “‘I"’ (Doan 
and Myer); “II"' (Doan and Thorne); ‘“‘III"’ (Doan and Schulte), Phys. Rev., 
40, 36-39 (1932); 46, 49-52 (1934); 47, 783-784 (1935) 

31 Doan, G. E., and Schulte, W. C., “Arc Welding in Argon Gas,” 
He WELDING JouRNAL, 15 (1), 23-27 (1936) 

32. Doan, G. E., and Smith, M. C., “Are Welding in Controlled Atmos- 
oheres,”’ [bid., 19 (3), Research Suppl., 110-s to 115-s (1940) 

33 Doan, G. E., and Weed, J. M., “‘Metal Deposition in Electric Arc 
Welding,” Ibid., 11 (9), 31-33 (1932). 

34 Doan, G.E , and Young, Shang-Shoa, “Crater Formation in Arc 
Welding,” /bid., 17 (10), Research Suppl., 61-67 (1938). 

35 Druyvesteyn, M. J., ‘Der Niedervoltbogen,”’ Z. f. Phys., 64, 781-798 


Theory of the Mercury Arc,"’ Phys. Rev., 37, 1077- 


“Electrical Discharges in Gases, 


Uber die Vorgange im elektrischen 


“Researches in Arc Welding,’ /bid., 11 


36. Duffield, W. G., “The Mechanism of the Electric Arc,’ Phil. Mag., 45, 
1139-1148 (1923) 
37 Duffield, W. G., Burnham, and Davis, A. H., Pressure 
¥ pon the Poles of Metallic and Composite Arcs,"" Proc. Roy. Soc. London, A 97, 
326-348 (1920). 
38. Dushman, S., ‘““Thermionic Emission,’’ Rev. Mod. Phys., 2, 381-476 


39. Easton, E. C., Lucas, F. B., and Creedy, F 
in the Vacuum Ares,” Elec. Eng., 53, 1454-1460 (19: 34). 
40. Eddy, W. N., “Length— Voltage- ~Current—-Pressure Characteristics 
io, Ae for Different Electrode Materials,” G. E. Rev., 25, 188-191 
41. Engel, A. von, “Die energetischen Verhaltnisse an den Elektroden 
emes Metallbogens,’’ Wiss. Veréff. Siemens, 14 (3), 38-52 (1935) 
2. Engel, A. von, “Natur der Werkstoffwanderung im elektrischen 
“chweissbogen,"’ /bid., 16 (3), 70-88 (1937). 
_ 43. Engel, A. von, and Steenbeck, M., “Uber die Temperatur in der 
Gassaule eines Lichtbogens,”’ Jbid., 10 (2), 155-171 (1931). 


“High Velocity Streams 


44. Engel, A. von, and Steenbeck, M., ‘Eine neue Messung der Tem 
peratur im Lichtbogen,"’ Dic Naturwissenschaften, 19, 212-213 (1931 

45 Engel, A. von, and Steenbeck, M., ‘“‘Messung des zeitlichen Verlaufes 
der Gastemperatur in der Saule eines Wechselstrom—Luftlichtbogens 
Wiss. Veréff. Siemens, 12 (1), 74-88 (1933) 

46. Engel, A. von, and Steenbeck M., ““Nachtrag z. d. Arbeit-— Uber die 
Temperatur im Lichtbogen,”’ /bid., 12 (1) 89 (1933 

47. Engel, A. von, and Steenbeck, M., Elekirische Gasent!adungen, Ber 


48. E schholz 
ing, 75, 1473-1475 (1920) 

49. Fett, G. H., “Cathode Drop of an Arc,"’ THe Wetpine Journat, 21 
(1), Research Suppl 27 s to 29-s (1942) 

50. Flamm, P., “Graphische Zerlegung der Metalltransportvorgange im 
elektrischen Lichtbogen * Elektroschwg., 1, 27-30 (1930) 

51 Fowler, R. H., Statistical Mechanics, 2nd ed., Cambridge, 1936 

52 Fowler, R. H., and Nordheim, L., “Electron Emission in Intense 
Electric Fields,’’ Proc. Roy. Soc. London, A119, 173-181 (1928) 

53 Fragstein, C. von, and Arndt, M., ‘Untersuchungen tiber die Sonden- 
messmethode im Kohlebogen bei Atmosphdrendruck,’’ Ann. d. Physik, 33, 
532-564 (1938) 

54. Green, J. B., “ 


Metal Deposition in Arc Welding,’ Electrical Weld 


The Flow of Welding Metal,’’ Weld. Engr., 12, 25-29 


55. Giintherschulze, A., ‘““Spannungsverlust im elektrischen Lichtbogen,”’ 
Ann. d. Physik, 12, 828-841 (1903) 

56. Giintherschulze, A., “‘Die Grésse des Kathodenfleckes des Kohlelicht- 
bogens in Luft,”” Z. f. Phys., il, 71-73 (1922) 

57. Giintherschulze, A. “Vorgange an der Kathode des Quecksilber 
vacuumbogens,"’ /bid., 11, 74-87 (1922) 

58 Guntherschulze, A., “Uber die Existenz des Lichtbogens bei nicht 
gliihender Kathode,"’ /bid., 28, 325-328 (1924) 

59 Hagenbach, A., and Langbein, K., “Bestimmung der Temperatur an 
Bogenelektroden,”’ Arch. d. Sciences phys. et nat. Genéve (Série 5), 1, 48-54 
(1919) 

60. Hibshman, N. S., and Jensen, C. D., ‘Electric Arc Welding Under 
Water,’ THe WeLpInGc JouRNAL, 12 (10), 4-9 (1933) 

61 Hilpert, A., ‘Material Transference in the Welding Arc,’ /bid., 8 (12), 
21-23 (1929) 

62. Hilpert, A., “Investigations on Phenomena of Arc Welding and Gas 
Cutting by Slow Motion Pictures,’ /bid., 12 (7), 4-10 (1933 

63 Hérmann, H., ‘““Temperaturverteilung und Elektronendichte in frei 
brennenden Lichtbégen,"’ Z. f. Phys., 97, 5389-560 (1935) 

64 Horst, D. T. J. ter, ‘Der zeitliche Verlauf der Feldstarke und Strom- 
dichte in Bogenentladungen mit Wechselstrom,”’ Physica, 3, 131-140 (1936) 

65. Horst, D. T. J. ter, Brinkman, H., and Ornstein, L. S., ‘Der zeitliche 
Verlauf der Temperatur in Bogenentladungen mit Wechselstrom, "/bid., 2, 
652-668 (1935) 

66. Horst, D. T. J. ter, and Krygsman, C 
perature from Cs Bands,’ /bid., 1, 114 1933) 
67 Hrenoff, K., and L ivshitz, M., “Electric Arc Welding Under Water, 

THE WELDING JouRNAL, 13 (4), 15-18 (1934) 

68 Hudson, R. G., ‘‘A Theory of Metallic Arc Welding,’ Jbid., 1 (10), 
6-10 (1919) 

69 Issendorff, J. von, “Die Verdampfung an der Kathode des Hg 
Bogens,’’ Phys. Z., 29, 857-864 (1928) 

70. Jennings, C. H., and White, A. B., ‘Magnetic Arc Blow,’ Tuk 
ING JOURNAL, 20 (10), Research Suppl., 427-s to 436-s (1941) 

71 Kern, J., “‘Deutung der elektrischqn Eigenschaften der mit Wech 
selstrom betriebenen Hochdruckentladung aus den Vorgangen an den Elek 
troden " Z.f. Phys., 114, 552-563 (1939) 

72. Kohn, H., and Guckel, M., “Untersuchungen am Kohlelichtbogen,”’ 
Ibid., 27, 305-337 (1924) 

73. Kotecki, A., “Caractéristiques de l'arc électrique,’ Acta Phys 
Polonica, 4, 113-122 (1935) 

74 Lamar, E.S., ‘Theory of the Positive Column of an Arc in Nitrogen,”’ 
Phys. Rev., 49, 861 (1936) 

75 Lamar E.S., Stone, A. M., and Compton, K. T., ‘“The Positive Col- 
umn of a Nitrogen Arc at Atmospheric Pressure,"’ /b1d., 55, 1235-1244 (1939) 

76. Langbein, K., ““Temperaturbestimmungen im Metallbogen,’’ Thesis, 
Basel, 1918 

77 Lange, G., “ Betrage zur Kenntnis der Lichtbogenhysteresis,"’ Ann. d 
Phystk 32, 589-47 (1910) 

78 Langmuir, I., “‘Thermionic Currents in High Vacuum,” Phys. Rev., 2, 
450-486 (1913) 

79 Langmuir, I., “The ee of Hydrogen into Atoms” I and II, 
Jnl. Am. Chem. Soc., 34, 860-877 (1912); 37, 417-458 (1915) 

80. Langmuir, I., Pressure ‘Effect in Gaseous Discharges,’ Jal 
Franklin Inst., 196, 751 762 (1923) 

8i Langmuir, 1., “Positive lon Currents in the Positive Column of the 
Mercury Arc,"’ G. E Rev 26, 731-735 (1923). 

82 Langmuir, I., ‘Flames of Atomic Hydrogen,’ /bid., 29, 153-159 
(1926). 

83. Langmuir, I., “ 
Rev., 33, 954-989 (1929) 

84 Langmuir, I., and Compton, K. T 
II,” Rev. Mod. Phys., 3, 191-257 (1931) 

85 Langmuir, I., and Mott-Smith, H., “Electric Discharges in Gases at 
Low Pressures, I,"’ G. E. Rev., 27, 449-455 (1924 

86. Larson, L. J., “‘An Exploration of the Modern Welding Arc Tue 
WELDING JouRNAL, 15 (10), 14-20 (1936) 

87. Larson, L. J., ‘“Metal Transfer in the Metallic Arc Ibi 21 2 
Research Suppl., 107-s to 112-s (1942) 

88. Lewis, G. N., and Randall, M., Thermodynam: New York, 1923 

89. Loeb, L. B., Fundamental Processes of Electric Discher in Gase 
New York, 1939 

90. Lidi, F., ““Mechanismus der Elektronenausiésung im Kathodenfleck 
Z.f. Phys., 82, 815-832 (1933) 


“Measurement of Arc Tem 


Electron and Positive lon Space Charges Phys 


“Electrical Discharges in Gases, 


91 Mac Keown, S.S., “The Cathode Drop in an Electric Arc,’ Ph Rer., 
34, 611-614 (1929) 
92. Mannkopf, R., ““Anregungsvorginge und lonenbewegung im Licht 


bogen,”’ Z. f. Phys., 76, 396 406 (1932) 

93. Mannkopf, R Uber Elektronendichte und Elektrontemperatur io 
frei Lichtbogen, Ibid., 86, 161-184 (1933 

Mason, R. C., “‘The Cathode Fall of an Arc,’ Phys. Rev., 38, 427-440 

(1931) 

95. Mason, R. C., “Probe Measurements on Arcs at Atmospheric Pres- 
sure,’ Jbid., 40, 1045 1046 1932) 

96 Mason, R. C., “Arcs in Rare Gases,”’ /bid., 46, 630 (1954 

97 Mason, R. C., “Probe Measurements on High Pressure Ares,”’ [bid 
51, 28-42 (1937) 

98. Mathiesen, W., 
Leipzig, 1921 

ug Meller, K., ‘‘Magnetische Blaswirkungen bei der Lichtbogenschweis 
sung,’ Elektroschwg., 5, 185-191 (1934) 

100. Mierdel, G., “Sonden—Messungen,"’ Arch. f. Techn. Messen., 105, 
V31-7 (1940) 

101 Mott-Smith, H. M., and Langmuir, I., “The Theory of Collectors in, 
Gaseous Discharges,’’ Phys. Rev., 28, 727-763 (1926) 


Untersuchungen tlber den elektrischen Lichtbogen, 


1943 PHYSICS OF ARC WELDING 4l-s 


ork 
t of A 
lear 
ital 
lhe 
Ons 
cal 
In 
ted $3 
It 

ird 
te- 

ys 
he 
ial 
1c 
he 

1€ 
. 
11S 
m 
in 

Ag 
e 

: 

q 

4 


102. Myer, J. L., 
pharischem Druck,’ f. Phys., 87, 1-18 (1933). 
103. Nieburg, F., 
106, 127-129 (1938). 
104. Nordheim, L. 
Proc. Roy. Soc. 626-639 (1928). 
105. Nordheim, L., ‘ 


‘Ele ktrone smission der Metalle,’’ Phys. Z., 30, 177-196 
(1929). 


106. Nottingham, W. B. 
of the Normal Electric Arc,” ‘Jnl. A.I. E. E., 42, 12—19 (1923) 
107. Nottingham, W. B., ‘Probe Measurements in the Electric 


Arc,” 
Jnl. Franklin Inst., 206, 43-55 (1928). 


108. Nottingham, W. B., ‘Probe 
Copper Are," Ibid., 207, 299-314 (1929). 

109. Nottingham, W. B., 
46, 630 (1934). 

110. Notvest, R., 
24~—26, (6) 32-35 (1925). 

111. Ornstein, L. 5 


112. Ornstein, L. S., and Brinkman, H. 
from Band Spectra,"’ Proc. Kon. Akad. Wet 
13. Ornstein, L. S., and Brinkman, H. 
der Saule des my Physica, 1, 797-824 (19: 
114. Ornstein, , Brinkman, H., and Beunes, A. 


. Amsterdam, 34, 498-504 (1931). 


des Druckes,”’ Z. f. Phys., 77, 72-81 (1932). 
115. Ornstein, L. 8. , Brinkman, H., and Vermeulen, D. 
A.C. Ares,"’ Proc. Kon. ‘Akad. Wet. Amsterdam, 34, 764—766 (1931). 


116. Osborne, 8. C., ‘What Happens in the Welding Arc,” 
JOURNAL, 16 (6), 11-15 (1937). 


117. Pierucci, M., 
trico,"’ Nuovo Cim., 1. 227 241 (1924). 
118 
he 12, 319-352 (1982). 


119 Ramsaue r, C., ‘‘Temperatur des Elektrischen Lichtbogens,”’ Elektro- 


techn. u . Maschinenbau, 51, 189-193 (1933). 
120. Ratne r, 8., “On the Pressure on the Poles of an Electric 


» Arc,” Phil. 
Mayg., 40, 511 512 (1920). 
‘Sui Rivestimenti Degli elettrodi di Ferro ed Acciaio per 
719 (1938); 31, 


121 Regé, A., * 
Saldatura Elettrica ad Arco,’ Metallurgia Italiana, 30, 697 
1-16, 69-81 (1939) 

122 Richter, E. F., 
gen,” Z. f. Phys., 81, 539-542 (1933) 

123. Rietz, D. du, ‘‘Blaswirkungen 
Elektroschwg., 7, 101-108 (1936). 

124. Riewe, K. 
Z. hys., 107, 680-682 (1937). 

125 Robertson, R. M. 
Phys. Rev., 53, 578-581 (1938). 


127. Ronay, B., “Evolution of the Arcronograph,” Jnl. 
Engrs., 46, 285-298 (1934). 

128. Sack, J., “F< 
Welding Arc,” Weld. Industry, 7, 234—240 (1939). 

129. Sack, J., ‘Overhead Welding,” Philips Tech. Rev., 4, 9-15 (1939). 


130. Saha, M. N., “Ionization in the Solar Chromosphere,”’ Phil. Mag., 40, 


472-488 (1920). 

131. Schellong, O., ** 
sung mit Gleichstrom,” Elektroschwg., 6, 93-97 (1935). 

132. _, Schmick, H., and Seeliger, R., 
bogen,"’ Phys. Z., 29, 864 (1928). 

133. Seeliger, R., “Die 
Ibid., 27, 22—41 (1926). 

134. Seeliger, R., “‘Die Bogenentladung,”’ 
physik XIII, 3, Leipzig, 1929. 

135. Seeliger, R., Die Physik der Gasentladungen, Leipzig, 1934. 

136. Seeliger 4 a *‘Bemerkung zur Theorie der Bogenentladung,” Phys. Z. 
42, 63-67 (1941) 

137. Seeliger, R., and Bock, K., ‘‘Zur Theorie 
Ibid., 34, 767 (1933) 

138. Seeliger, R., and Wulfhekel, H. 
Ibid., 31, 691-695 (1930) 

139 Sellerio, A., 


trico fra Mercurio e Carbonio,"’ Nuovo Cim., 23, 31-57 (1922). 


Fatigue Tests of Full 

Thickness Plates with 

and Without Butt 
Welds 


Discussion by A. B. Bagsar? 


HE author of this paper is to be congratulated 

for contributing so much valuable data on the 

fatigue properties of numerous weldable steels. 

These data are extremely valuable for design as well 
as maintenance of pressure vessels. 

It is gratifying to note that one of these weldable 

steels shows a fatigue strength of 45,000 to 50,000 psi. 


* Paper by E. C. Huge, published in Tue Wetpinc Journat, 21, (10), 
Research Supp!., 507-s to 514-s (1942). 


¢t Chief Metallurgist, Sun Oil Co., Marcus Hook, Pa 
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Force on the 


This steel contains a relatively small percentage of 
alloying elements of manganese and molybdenum, and 
shows a minimum tensile strength of 90,000 psi. We 
have built and used two truck-tanks made of this 
steel carrying liquid propane, with excellent results. 
The first truck-tank was built about three years ago, 
has been since in continuous service delivering propane, 
and has traveled more than 160,000 miles, the second 
truck-tank being built about a year ago and has had a 
service mileage of 47,000 miles. Both truck-tanks were 
designed for a working pressure of 200 psi. and were 
built in conformity with paragraph U-68 of A.S.M.E. 
Code for Unfired Pressure Vessels. 

One of the significant facts brought out by Mr. Huge’'s 
paper is that steels showing a high ratio of yield point 
or yield strength to the ultimate tensile strength are not 
necessarily brittle and therefore do not fail prematurely 
if subjected to fatigue stresses. The manganese-molyb 
denum steel shows a ratio of yield strength to ultimate 
tensile strength of about 0.80, yet this particular steel 


exhibits the highest fatigue strength of all the steels 
tested. 
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The Magnetic Powder Method of 
Inspecting Weldments, and Castings 
for Subsurface Defects 


By Carlton H. Hastings! 


Introduction 


HERE has been a growing need for the develop- 

ment of a simpler and more rapid method of in- 

specting castings and weldments for subsurface 
defects of a crack-like nature. In 1940 the Naval Gun 
Factory recommended a procedure for the magnetic 
powder method of testing to be used in the inspection of 
navy weldments, in which it was evident that, under 
certain conditions, the magnetic powder method could 
be used for the detection of subsurface defects. Water- 
town Arsenal began using the method and undertook a 
further investigation of it, with a view to the determi- 
nation of the detectability of deep-seated defects in ferrous 
weldments and castings and the practicability of this 
test method. The results of these studies are herein 
reported. 


Experimental Studies Undertaken 


The following studies were undertaken: 
(A) What types of defects may be detected? 
(B) What factors influence the detectability of these 
defects? 
1. Size and orientation of defect. 
2. Shape of defect. 
3. Depth of defect. 
4. Thickness of section in which defect is 
located. 
5. Condition of surface of material under test. 
(C) What are the limitations of the method? 
(D) What are the difficulties encountered in attempt- 
ing to standardize patterns? 
(E) Recommended test procedure. 
Note: Unless otherwise stated in this paper the word ‘“‘defect”’ signifies 
a subsurface defect. 
* Presented at the Annual Meeting, A.W.S., Cleveland, Ohio, Oct. 12 


to 15, 1942. 
t Junior Metallurgical Engineer, Watertown Arsenal, Watertown, Mass. 
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Fig. 1—Sketch of Specimen Used in Preliminary Tests 


Fig. 2—-Nomenclature Used in Reference to Defects 


Test Procedures 


Design and Preparation of Specimens 


In order to eliminate the unkygown effect of variations 
in chemical composition and the presence of surface 
irregularities of an inconsequential nature, the test speci- 
mens were designed from rolled steel plate of the follow- 
ing three common analyses: 


Comp. % Cr %V % Mn % Mo % Cu Others 
1 0.05 Nil 0.94 Nil 0.25-0.50 Al 0.1-0.2 
Si 0.3-0.5 

2 0.015 Nil 0.445 0.10 0.65 Ni 1.75 

3 Nil 0.08-0.14 1.45 Nil 0.25 Ni 0.25 


All plate material was of the low alloy structural steel 
type. 

The synthetic defects were designed to simulate crack- 
like voids which might be present below the surface of 
ferromagnetic materials. The first test plates were de- 
signed so that a groove made in the vertical faces of a 
double V-butt-welded joint would represent a defect. 
In order to prevent closing up the synthetic crack during 
the welding operation, it was necessary that penetration 
between the V-notches in the plate be incomplete. This 
condition, along with other minor defects occurring in 
the weld, resulted in much confusion with the pattern 
caused by the synthetic defect. This particular design 
of specimen was discarded in favor of another more suit- 
able type of test plate. 

The design of test plates containing synthetic cracks 
which were used in the preliminary tests is shown in Figs. 
1 and 2 and Table 1. The longitudinal dimension of 14 
in. was chosen to permit finishing at the ends, to elimi- 
nate any end effects due to welding and to allow a sufficient 
length so that a distance of 8 in. could be maintained be- 
tween contact electrodes when desired. 

By making a tongue and slot, the synthetic defect 
could be accurately regulated in size and yet be removed 
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Table 1—Dimensions of Specimens 


Specimen No. a” b” d” 
2-2 1/, 3/5 =<0.001 0.500 
3-2 1/, 1/, 3/, 0.005 0.495 
4-2 1/, 1/, 0.050 0.450 
7-2 3/, <0.001 0.500 
8-2 3/, 1/, 1/, 0.005 0.495 
9-2 3/, 0.050 0.450 
10-2 3/, 1/, <0.001 0.500 
11-2 3/, 1/, 0.005 0.495 
12-2 /, 0.050 0.450 
28-2 1 3/16 13/4, <0.001 0.500 
29-2 13/6 0.005 0.495 
| 30-2 3/\6 13/16 0.050 0.450 
31-2 l 3/6 3/16 <0.001 0.500 
32-2 1 1/, 3/16 13/16 0.005 0.495 
33-2 1 3/16 13/16 0.050 0.450 
34-2 3/ 5/ 11/ <0.00 0.500 
352 0.005 0.495 
36-2 3/ 0.050 0.450 

40-2 <0.001 0. 500 
41-2 1'/, 5/, 7/5 0.005 0.495 
42-2 1'/, 1/, 7/s 0.050 0.450 
43-2 1! <0.001 0.500 
44-2 5/5 0.005 0.495 
45-2 1! 2 \/, 5/, 7 8 0.050 0.450 
46-2 5/5 <0.001 0.500 
47-2 1! 2 5/, 0.005 0.495 
48-2 1'/, 5/, 0.050 0.450 
49-2 13/55 <0.001 0.500 


” 


= Total thickness of specimen. 
b” = Height of defect. 
= Distance from surface to center line of defect through thin 
section of plate. 
d” = Distance from surface to center line of defect through thick 
section of plate. 
e” = Width of defect. 
f" = Length of tongue in Type II specimens. 


Depth of defect through thin section 
Depth of defect through thick section. 


a” = Total thickness of plate. 
b” = Height of defect. 

e” = Width of defect. 

W” = Width of indication 

J. = Current in amperes. 


Electrode Distance = 8 In. 
Ww’ 


WELDING RESEARCH SUPPLEMENT 


from the weld a small distance. In this way, indications 
of any defect which might have occurred in the weld jt. 
self, which was made only for the purpose of giving , 
complete magnetic path, would not be confused with ay 
indication of the synthetic defect. It was necessary that 
the tongue and slot be machined to a drive fit along the 
edges. By so doing, any poor contact within the plate. 
tending to cause an irregularity in the magnetic flux, was 
minimized. After machining to the design, the plates 
were welded and stamped with individual identificatioy 
numbers. An X-ray picture of each specimen was taken 
so that measurements of the finished synthetic defect 
could be made. 


Magnetizing Apparatus 


Since the use of high amperages over sustained periods 
of time was anticipated, welding generators of suitable 
capacity were chosen as power units. Because of the 
increased penetrating power of direct current as com- 
pared with alternating current, the former type of 
current was chosen for all tests. Two welding generators 
connected in parallel were used for most of the work. 
This set was capable of delivering 2000 amp. maximum 
direct current when connected in this manner and a 
minimum of 100 amp. each. The voltage, as well as the 
current, could be manually controlled, but was main 
tained at a minimum value of about 60 v. for most of 
the work in order to eliminate undue arcing at electrode 
contacts. 

It was found advisable to break the field circuit of the 
welding generator when starting and stopping the mag- 
netizing current in order to reduce arcing at the points of 
contact, to avoid breaking the heavy direct current of 
the armature circuit and to prevent the surge usually 


Table 2—Magnaflux Test Data—Rolled Steel Plate 


Plate I, Minimum I, Optimum 
No. g” h" a” b” Wg’ Wh’ Ig Th Ig Th 

10-2 3/5 <0.001 200 400 
28-2 1/. 3/, 1 1/, <0.001 1 400 600 

34-2 1 3/5 <0.001 400 600 
7-2 3/6 3/4 <0.001 1200 1600 
46-2 3/, 5/, <0.001 1/, 1200 1600 

40 2 16 13/16 <0.001 3 1600 

3-2 16 5/6 2 1/, 0.005 i6 100 100 

32-2 1/16 11/14 l 0.005 100 wi 100 
11-2 3/, 3/4 0.005 1/16 100 400 
29-2 3/, 1/, 0.005 200 400 
35-2 1/, 1 3/, 0.005 3/3 10) 200 
8-2 3 ‘16 3 4 Lis 0.005 ‘32 1000 1200 
41-2 9/16 13/16 1/, 0.005 1600 

12-2 1/4 3/5 3/4 0.050 1/, 100 1600 200 

30-2 3/4 l 0.050 3/30 200 400 

36-2 l 3/, 0.050 1/, 100 200 
{8-2 3/, 5/5 0.050 5/16 800 1000 

45-2 2 3 4 1! 2 0 O50 3/\6 1600 

42-2 9/16 13/16 1/, 0.050 1/, 3/16 1600 1200 1600 
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Table 3—Magnaflux Test Data—Rolled Steel Plate 


ications 


Weld it. 
siving a Electrode Distance = 6 In. 
with an Plate Ww’ I, Minimum I, Optimum 
iry that No. h” a” b” e” We” Wh’ Ig Ih Ig Th 
Ong the 9.2 5/16 1/5 1/, <0.001 1/16 100 100 
€ plate, 31-2 1/6 11/16 1 1/4 <0.001 1/16 100 200 
UX, Was 10-2 */s 1/4 <0.001 200 400 
plates 98-2 */4 1 <0.001 200 100 
ficatior 34-2 1/s 1 <0.001 400 600 
ation 7.2 3/1 <0.001 3/39 1200 1400 
S taken 49-2 1/, 1!/, <0.001 1/5 400 600 
defect 46-2 1'/, <0.001 1/4 800 1200 
43-2 4/4 1'/, <0.001 3/16 1600 
40-2 13/1 <0.001 3/16 1000 1600 1200 
32-2 1 0.005 1/16 100 200 
11-2 3/5 3/, 0.005 1/16 100 1600 200 
eTIOds 20-2 1 0.005 100 200 
litable 35-2 1/5 1 0.005 5/43 100 1000 100 1200 
of the 8-2 lhe 3/4 1/5 0.005 3/30 500 600 
pe of 41-2 13/16 0.005 5/59 1600 1600 
Tators 4-2 1/1 5/16 1/5 0.050 200 600 
work. 33-2 1/16 1 0.050 1/16 100 100 
imum 9.3 1/s 3/4 1/4 0.050 1/5 1/8 100 1600 200 
30-2 1/, 1 0.050 3/39 100 200 
and a 36-2 lig 1 3/, 0.050 1/, 100 1600 200 
iS the 9-2 The 3/, 1/, 0.050 5/59 100 400 
main- 48-2 */s */s 0.050 */16 800 1600 1000 
st of 45-2 3/4 1'/, 0.050 3/16 1400 1600 
42-2 18/1 0.050 1600 1200 1600 
tre 
g” = Depth of defect through thin section. 
f the h” = Depth of defect through thick section. 
mag- a” = Total thickness of plate. 
; b” = Height of defect. 
its of e” = Width of defect. 
nt of W" = Width of indication. 
ually I = Current in amperes. : 
Table 4—Magnaflux Test Data—Rolled Steel Plate 
Electrode Distance = 4 In. 
Plate Ww" I, Minimum I, Optimum 
No 2” h” a" We’ Wh" Ig Ih Ig Th 
10-2 1/, 3/5 3/, 1), <0.001 1/16 1/, 100 1600 300 
28-2 1/5 3/4 1 1/5 <0.001 200 400 
34-2 1 3/5 <0.001 ves 200 400 
7-2 3/16 <0.001 9/39 1000 1200 
49-2 1/, 1/5 <0.001 1/, 200 100 
46-2 3/5 <0.001 1/s 400 800 
43-2 3/4 <0.001 3/16 1/, 1600 1200 1600 
40-2 13/14 1'/, 1/s <0.001 3/16 800 1600 1000 
3-2 16 1/, 0.005 100 1600 200 
32-2 0.005 1/16 1/4 100 1600 100 
11-2 3/4 0.005 1/16 100 1600 100 
29-2 1/5 1 0.005 1/16 100 100 
35-2 3/, 0.005 3/30 100 800 100 1100 
47-2 b/, 1'/, 1/, 0.005 1/s 1600 1600 
41-2 9/1 13/16 1'/; 0.005 3/16 1200 1600 1600 
4-2 5/i6 1/5 1/, 0.050 5/39 200 1500 400 1600 
33-2 0.050 100 1200 100 1600 
12-2 3/, 0.050 V/s 100 1200 100 1600 
30-2 3/4 1 1/5 0.050 3/5 5/1 100 1600 100 
36-2 1/, 1 3/, 0.050 100 1000 100 1600 
9-2 3/1 7/1 3/, 1/5 0.050 ‘pe 100 300 
48-2 3/5 5/, 0.050 3/16 600 1400 800 1600 
45-2 1/, 0.050 3/\6 3/16 800 1600 1200 
42-2 9/16 18/16 1'/, 0.050 1200 1200 1600 1600 
g” = Depth of defect through thin section. 
h” = Depth of defect through thick section. 
a” = Total thickness of plate. 
b” = Height of defect. 
e” = Width of defect. 
W" = Width of indication. 
I = Current in amperes. 
F 1943 MAGNETIC POWDER METHOD OF INSPECTING 45-s 


: 
“ah 
ont 
aw 
iva 


Table 5—Magnaflux Test Data—Rolled Steel Plate 


Electrode Distance = 3 In. 


Plate 
No. g” h” a” b” e” 
2-2 5/16 1/9 <0.001 
31-2 l <0.001 
10-2 1/5 3/5 3/4 <0.001 
28-2 1/5 3/, 1/, <0.001 
34-2 1/, 1 <0.001 
7-2 3/16 7/16 3/, <0.001 
49-2 1'/s 1'/, 1/, <0.001 
46-2 3/5 1l'/, <0.001 
43-2 a/, 1), <0.001 
40-2 9/16 13/16 1'/, <0.001 
3-2 1/16 5/16 0.005 
32-2 1/16 0.005 
11-2 3/5 3/, 0.005 
29-2 1/, 0.005 
35-2 1/5 1 3/5 0.005 
8-2 3/16 3/, 1/, 0.005 
47-2 3/5 5/5 0.005 
44-2 1/, 1! 2 005 
41-2 9/16 13/16 0.005 
4-2 6 2 1/, 0.050 
33-2 1/6 1 1/, 0.050 
12-2 1/s 3/, 0.050 
30-2 1/5 1 0.050 
36-2 2 0.050 
9-2 3/16 3/4 1/, 0.050 
48-2 3/5 1'/, 1/, 0.050 
45-2 1/, 3/, 1'/, 1/, 0.050 
42-2 9/16 13/16 11/2 1/, 0.050 
g” = Depth of defect through thin section. 
h” = Depth of defect through thick section. 
a” = Total thickness of plate. 
b” = Height of defect. 
e” = Width of defect. 
W” = Width of indication. 
I = 


Current in amperes. 


encountered when the output circuit of a welding genera- 
tor is closed. This surge, if present, might have affected 
the results of the tests, since it is not reproducible. 

The electrodes used throughout the tests were shaped 
from solid copper stock to a 1'/,x */s-in. contact surface 
at one end. Wooden handles were used to protect the 
hands of the operator. 


Procedure 


The following procedure, used throughout the pre- 
liminary tests, was the basis for determination of the 
procedure finally chosen as best suited for the purpose. 

Since many of the results were to be recorded photo- 
graphically, the test plates were painted a flat black or 
white, giving color contrast with the gray or brown 
magnetic powder, respectively. The particular powder 
used for all tests was colored by means of a non-magnetic 
coating on particles of a finely divided, dry, ferromag- 
netic material. These particles were elongated in shape 
rather than approximating the spherical.* 

The locations of contact points were outlined in crayon 
on the faves of the plates at spacings of 8, 6, 4 and 3 in. 
After setting the short-circuited generator output to a 
predetermined value, depending upon the particular 
plate under inspection, the electrodes were placed firmly 
in position, and the field switch on the generators was 
closed to set up a current flow through the plate. The 
dry magnetic powder was then applied by dusting into 
the air from a fine mesh, cloth bag, and a low velocity 
current of air used when necessary to remove excess 
powder. The field circuit of the generator was opened 


* The gray powder is commercially manufactured as No. 1 Gray Magna- 
flux Powder. The brown powder was an experimental type not commercially 
available. 
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Ww’ I, Minimum I, Optimum 

We’ Wh’ Ig Th Ig Ih 
1/16 100 100 

1/16 1/, 100 1500 100 1600 
100 1600 200 

1/16 100 200 

200 400 

3/16 300 1600 600 

3/16 1/, 1200 1000 1600 1200 
3/16 800 800 1000 1200 
1/16 V/s, 100 1200 200 1600 
100 1500 100 1600 
100 1200 100 1600 
1/16 3/5 100 1500 100 1600 
100 600 100 800 
3/s0 3 6 500 1600 600 

1/3 1200 1600 1600 

3/16 1}, 1200 1400 1600 1600 
100 1000 200 1600 
1/16 5/16 100 1200 100 1600 
100 1200 100 1600 
3/39 5/16 100 1500 100 1600 
100 600 100 1000 
5/30 3/, 100 1600 200 

3/16 3/16 400 1400 600 1600 
3/16 3/16 600 1400 800 1600 
V/, 1/ 1200 1200 1600 1600 


and the electrodes were removed. If no indication of 
the synthetic defect was evident at this stage of the test, 
the magnetizing current was increased by 100-amp. 
increments and the test repeated until an indication of 
the synthetic defect was evident. This procedure was 
carried out for the four electrode spacings given above on 
both the front and back faces of the plates and photo- 
graphic record was made of the resulting magnetic powder 
patterns. A magnetic powder pattern was also made on 
the face of the plate slightly to one side of the synthetic 
defect and photographed. This picture showed for 
comparison how the powder collected on the plate where 
no defect was present and was particularly useful when 
the indication of the synthetic defect was indistinct or 
doubtful. The magnitude of the current necessary to 
obtain a pattern and the width of the indication of the 
synthetic defect was recorded for each electrode spacing 
on each plate tested (see Tables 2, 3, 4 and 5). 


Results of Preliminary Work 


The data collected during the preliminary work may 
be analyzed simply by reference to Fig. 2 and Tables 6 
and 7. Figure 2 establishes the nomenclature used 
throughout this paper. It can be seen with reference to 
Table 6 that under the conditions of the tests, defects 
were detected */, in. below surface of the metal on which 
the electrodes were placed. It can also be noted, how- 
ever, that such success was not consistent. The detection 
of a defect */, in. below the surface required in one in 
stance 1600 amp. direct current for magnetizing, the 
distance between electrodes being 6 in. In another in- 
stance, 1600 amp. direct current were required to detect 
a defect having the same width as the one previously 
mentioned, but being only */; in. or one-half as far below 
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It is to be noted from Table 7 that appar- 
ently it does not require any appreciable increase in 
current to detect defects less than 0.001 in. in width as 
compared to those of 0.005 or 0.050 in. in width. Vary- 
ing the width of the defect between these limits did not 
afect the pattern width to any appreciable extent. Fur- 
ther increase in the width of the defect causes an increase 


the surface. 


Table 6*—Tabulation of Results of Preliminary Tests 
Showing Currents Necessary to Detect Defects at 
Different Depths 


Electrode Distance = 6 In. 


Depth of Plate Width of I, Minimum 
Defect No. a” Defect Amp. 
2-2 <0.001 100 
10-2 /, <0.001 200 
3/16 7-2 3/4 <0.001 1200 
49-2 <0.001 400 
3/5 46-2 1'/s <0.001 800 
43-2 <0.001 1600 
40-2 <0.001 1000 
13/44 40-2 <0.001 1600 
3-2 0.005 100 
11-2 3/4 0.005 100 
3/16 8-2 3/, 0.005 500 
a/, 47-2 1'/, 0.005 1600 
41-2 1'/. 0.005 1600 
13/16 41-2 1'/, 0.005 1600 
4-2 1/4 0.050 100 
12-2 3/4 0.050 100 
3/16 9-2 3/4 0.050 100 
3/, 48-2 1'/s 0.050 800 
45-2 0.050 1400 
9/16 42-2 1'/, 0.050 1600 
48-2 0.050 1600 
13/1, 42-2 1'/, 0.050 1200 


a” = Total thickness of plate. 

* Note: Defects from which these data were obtained were of 
varying height and width and were located in various thicknesses 
of section at different depths. 


Showing Change in Width of Pattern with Depth of 


Defect 
Electrode Distance = 6 In. 

Depth of Plate Width of Width of 
Defect No. a” Defect Pattern 
1/16 2-2 <0.001 
10-2 3/4 <0.001 1/16 
3/16 7-2 3/4 <0.001 3 ‘32 
49-2 1'/, <0.001 
3/5 46-2 <0.001 
43-2 <0.001 3 16 
9/16 40-2 <0.001 3/16 
18/16 40-2 <0.001 1/, 
1/1 3-2 0.005 
11-2 3/, 0.005 
*/ 16 8-2 0.005 3/s0 
47-2 1'/, 0.005 1/, 
9/16 41-2 l'/, 0.005 5/5 
18/16 41-2 1'/, 0.005 
12-2 0.050 1/, 
48-2 1'/; 0.050 
45-2 1'/, 0.050 
9/16 42-2 1'/, 0.050 1, 
48-2 1'/, 0.050 3/\6 
42-2 0.050 3/16 


a" = Total thickness of plate. 

7 Note: Defects from which these data were obtained were of 
varying height and width and were located in various thicknesses 
of section at different depths. 


in the pattern width. Table 6 shows also that in general 
a defect may be detected with less current if it is nearer 
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the contact surface than the defect of the same size with 
which it is compared. Since the current values recorded 
in Tables 6 and 7 are the minimum values necessary to 
obtain a pattern, it may also be stated that a definite 
current magnitude is necessary to detect a given defect. 
Above this value the intensity of the pattern, or, in other 
words, the amount of powder which accumulates to form 
the indication of the defect, increases. Observations 
made during the tests show, however, that an upper 
limit of current is reached above which further increase 
in current is not practicable due to a banding of the 
particles of powder in the magnetic field on the surface 
of the material. This banding of powder tends to obscure 
the indications of defects. In such cases the volume of 
metal under test is probably at or near the saturation 
point so that strong magnetic leakage occurs, not only 
above the defect, but all over the surface. It was noted, 
too, that variations in the magnitude of the current did 
not affect the width of the indication of the defect. The 
width of the pattern increased with increases in the depth 
of the defect and the indication became less sharply de- 
fined. Patterns caused by surface defects are narrow and 
sharply defined; whereas, patterns caused by subsurface 
defects are broad and less sharply defined. 


Subsequent Tests 


Design of Specimens Used to Isolate the Variables En- 
countered in the Preliminary Work 


From the foregoing analysis of data obtained from pre- 
liminary work, it is to be noted that many variables were 
influencing these results. In order to obtain more accu- 
rate and useful data, tests had to be performed and 
specimens designed that would eliminate these variable 
factors, thus permitting a more detailed study of some of 
them. 

The first group of test specimens used in the final work 
was designed for use in determining the effect of the 
height dimension of the defect on its detectability. 
Figure 3 illustrates the design used for this investigation. 
A piece of rolled plate 10 x 3 x 2 in. was surface ground on 
one 10 x 3-in. face and the synthetic defects were milled 
into this surface as shown in the sketch. Another piece 
of rolled plate 10 x 3 x '/, in. was then surface ground and 
arc welded to the first plate around the edges. The 
plates were held firmly by clamps during this operation 
to minimize warping of the thinner plate. The '/,-in. 
thick cap plate placed the defect at the desired depth be- 
low the surface. Three such blocks were made to give 
defects of nine different heights. 
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SPECIMEN FOR DETERMINATION OF FOR WIDTHS 


THE EFFECT OF WIDTH OF DEFECT 
AS A VAR/ABLE 


The next group of specimens was designed for use in 
determining the effect of the width of the defect upon its 
detectability as shown in Fig. 4. In order to facilitate 
machining operations, the defect was milled into a piece 
of key stock which was set into the 10 x 3 x 2-in. block so 
that the depth of the milled slot in the key stock would 
be taken as the width of the synthetic defect. Two such 
blocks were made to give defects of six different widths. 

Another specimen was designed for use in determining 
the effect of the thickness of section in which the defect 
was located upon its detectability. This test plate is 
shown in Fig. 5. One defect was milled in the surface- 
ground face of a piece of rolled plate 10 x 3 x '/¢ in. 
Three */,-in. thick plates and one '/2-in. thick plate, 
surface ground on each side, were arc welded over the 
synthetic defect, tests being made before and after each 
plate was welded. These plates were welded onto the 
back side of the first 10 x 3 x '/:-in. block, or, in other 
words, onto the side opposite the contact surface so that 
the depth of the defect remained a constant while the total 
thickness of metal under test could be changed in steps. 

To supplement information gained from tests per- 
formed on plates containing synthetic defects, a group of 


miscellaneous defective welds and castings were exam- 
ined. 


Results of Subsequent Tests 


(A) What Types of Defects May Be Detected?—The 
types of subsurface defects which may be detected by 
the magnetic powder method may be listed in the order 
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of the ease of detection. This assumes that the defect; 
are all of approximately the same magnitude and are o; 
such a depth and magnitude as to fall within the limit. 
of detectability of the method. 


1. Cracks and tears. 

2. Incomplete fusion at weld interfaces and in root of 
weld (including lack of prescribed fit). 

3. Piping and elongated gas cavities. 

4. Undercutting. 

5. Spongy metal. 

6. Elongated non-metallic inclusions. 


(B) What Factors Influence the Detectability of These 
Defects?—-1. Size and Orientation of Defect: The de. 
tectability of all defects by the magnetic powder method 
is influenced to some degree by the dimensions of the 
defect. The particular dimension having the greatest 


1600 


1400 \ DEPTH OF DEFECT =}" 

| WIOTH OF DEFECT-@ 

\ \ ) Tose 

a \ \ 

z 

< 1000 \ ° 

o ELECTRODE 

DISTANCE ELECTRODE DATA 

= @ 

z 

= 600 

= 


HEIGHT OF DEFECT (INCHES) 
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influence is the height of the defect (see Fig. 2), consider- 
ing the length to be its largest dimension. Reference to 
Fig. 6 and Table 8 shows how variations in this dimen- 
sion for a particular synthetic defect influenced its de- 
tectability. The greater the height dimension, the easier 
it is to detect the defect. It follows reasonably that the 
greater this dimension, the more lines of magnetic force 
will be disturbed, thus causing a stronger leakage flux at 
the surface of the material. For equal values of current 
used in detecting two defects, the amount of powder 
accumulating to form a pattern, or, in other words, the 
pattern intensity, will be greater above the defect having 
the larger height dimension. The widths of these two 
patterns, however, will be the same if other conditions 
are alike. 

The width of a defect does not have so much of an in- 
fluence on its detectability as does its height. Figure / 
and Table 9 show that increasing the width of a defect 
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from 0.004 to 0.020 in. has no appreciable effect on its 
detectability. Increasing the width of the defect to 
0.030 in. shows some increase in ease of detection while 
further increase to 0.040 in. in width does not influence 
its detectability. Although these values may not hold 
true under all conditions, they are shown to hold for the 
particular defect illustrated. This tendency or trend 
probably holds for other defects of this nature. The 
foregoing discussion was based on an electrode spacing of 
6in. The values obtained for other spacings were differ- 
ent, but the trend is the same. 

It is to be noted that the nomenclature set forth in 
Fig. 2 and used throughout this paper is relative. That 
is, all dimensions are taken with respect to the location 
of the contact electrodes. It can be seen from this fact 
that if a particular defect were oriented in different ways 


Table 8—Experimental Results Used to Plot Height of 


Defect vs. Minimum Current 


— Minimum Current, Electrode-——~ 
Distances, In. 


b” 8 6 4 3 

1600 1200 900 
'/s 1000 800 700 700 
3/16 1000 800 700 700 
V/, 800 700 700 700 
5/16 700 600 600 600 
4/5 700 600 600 600 
1/, 500 400 400 400 
5/, 400 300 300 300 
3/4 200 200 200 200 


6” = Height of defect. 

Width of defect, e” = constant = '/j in. 
Depth of defect = constant = '/, in. 
Thickness of section, a” = constant = 2'/, in. 


with respect to the position of the electrodes, its de- 
tectability would change accordingly. It is also true 
that the electrodes should be placed parallel to the 
length of the defect for best detection. Increasing the 
angle between the defect and the line between the elec- 
trodes, or increasing the distance of the electrodes from 
the defect, decreases the ease of detection. 

2. Shape of Defect: The defects which are easiest to 
detect are the crack-like defects, or, in other words, the 
defects which have one dimension appreciably larger 


Table 9— rimental Results Used to Plot Width of 
fect vs. Minimum Current 
——Minimum Current, Electrode 
Distances, In. 
6 4 3 
0.002 
0.004 1000 1000 1000 1000 
0.010 1000 1000 1000 1000 
0.020 600 800 1000 1000 
0.030 600 600 600 800 
0.040 600 600 600 SOU 
e” = Width of defect. 
Height of defect, 5” = constant = '/, in. 
Depth of defect = constant = approx. '/, in. 
Thickness of section, a” = constant = 2'/, in. 


than the others. Crack-like voids are more easily de- 
tected than elongated non-metallic inclusions. Rounded 
defects, unless quite large, are more difficult to locate. 
This type of defect does not offer a change in permeabil- 
ity of the metal under test thdt is as abrupt as that 
offered by the elongated defects. Porosity encountered 
in welds is an example of this and is difficult, if not im- 
possible, to pick up. The author is not able to cite any 
case where porosity below the surface in welds was de- 
tected. 

3. Depth of Defect: The detectability of all dis- 
continuities by the magnetic powder method is primarily 
based upon the amount of sound metal overlaying them. 
It may be stated that the farther the defect is below the 
surface, the more difficult becomes the problem of 
detection. (See ‘Results of Preliminary Work.’’) 

4. Thickness of Section in Which a Defect Is Located: 
It was noted that one of the factors having the greatest 
influence on the detectability of a defect is the thick- 
ness of the metal in which the defect is located. Refer- 
ence to Fig. 8 and Table 10 shows that a given defect 
may be detected much easier in a thick section than in a 
thin section, assuming the defects to be of the same char- 
acter and at the same depth in both cases. Increasing 
the thickness of section (see Fig. 5) has the effect of bring- 
ing the defect relatively nearer the contact surface on 
which the stronger leakage flux for a given magnetizing 
current would be expected. It may be concluded from 
this and it has been shown in practice that defects can be 
detected at greater depths in a thick section of metal 
than in a thin section of metal. 

5. Surface Condition of Material Under Test: The 
ideal surface for application of the magnetic powder 
method would be smooth, dry and of such a color as to 
offer contrast to the color of the magnetic powder used 
Lack of color contrast, however, may be overcome par- 
tially by suitable illumination. If the surface under in- 
vestigation is so rough that interpretation of the pattern 
formed becomes difficult, it is advisable to grind off the 
irregularities. Most welds which will pass visual exami- 
nation are satisfactory for magnetic powder testing. 
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Table 10—Experimental Results Used to Plot Thickness 


of Plate vs. Minimum Current 


— Minimum Current, Electrode—— 
Distances, In. 


3 4 


1000 


1200 
400 600 800 800 
1'/, 200 400 400 400 
13/, 200 200 400 400 
= Thickness of plate. 
Height of defect, b” = constant = '/s in. 
Width of defect, e” = constant = '/j in. 


Depth of defect = constant = */s in. 


(C) What Are the Limitations of the Method?—One of 
the chief limitations of this method of testing is that the 
results are unpredictable. It is not possible to state 
whether or not a particular defect may be located be- 
cause of the number of factors which influence the results. 

If work is being done on a finished surface or on a 
critically heat-treated, highly alloyed piece, there is 
always the danger of burning or overheating of the metal 
at the electrode contacts to the extent that the piece may 
be made unfit for service. This danger may be partly 
overcome by the use of some suitable contact such as a 
lead pad, the use of which increases the contact area and 
lessens the chance of overheating of the piece being 
tested. Such overheating may even produce small cracks 
in some steels. 

Some materials retain a considerable amount of mag- 
netism after having been tested by this method. This 
retained magnetism may be harmful in some instances. 
It is possible to overcome this limitation by demagnetiza- 
tion in some cases, while in others it may not be practical 
to perform this operation due to the size or shape of the 
piece. 

Under some conditions, confusing patterns may result 
which are not caused by defects in the metal under tests, 
i.e., scale or other surface irregularities may cause the 
formation of a pattern; changes in thickness of section 
may cause a leakage flux which gives a pattern similar to 
an indication of a deep-seated crack or pipe; certain 
operations that bring about localized cold work produce 
a change in the metal which may cause the powder to 
accumulate; heat-affected zones due to welding may 
cause variations in the pattern formed. 

(D) What Are the Difficulties Encountered in Attempt- 
ing to Standardize Patterns?— 


1. Similarity between patterns caused by different 
types of defects. 

2. False indications due to conditions that are not 
cause for rejection and that could not be called 
defects. 

3. Influence of many variable factors which make 
positive interpretation of patterns difficult. 


(E) Recommended Test Procedure— 

1. Apply contact electrodes carefully to insure good 
contact on rough surface. If working on a finished or 
heat-treated surface or a high-alloy steel, lead pads or 
some other suitable contact material should be interposed 
between electrodes and surface of metal under test. 
Electrodes should be spaced not greater than 8 in. apart. 

2. The direct current for magnetizing is then turned 
on. Current magnitudes between 200 and 1000 amp. 
are practical, depending upon the thickness of metal 
being tested, the types of defects sought for, and the 
distance maintained between contact points. Further 
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increases in current do not seem to be warranted by the 
additional results obtainable. 

3. The dry ferromagnetic powder should be dusted 
into still air, between the electrodes, not allowing the 
applicator to touch the surface of the metal under test. 

4. The operator can often learn much about the 
defect by observing carefully the formation of the 
pattern. 

5. When necessary to remove excess powder to clarify 
the pattern, this should be accomplished by applying a 
low velocity air current while the magnetizing current is 
on. Since variable degrees of magnetization will be pro- 
duced in different areas being tested due to the size of 
the area and the amount of current used, this air current 
cannot be specified as a definite velocity. The operator 
should judge this factor for each area by trial. Sufficient 
air velocity should be used to remove excess powder 
without removing the significant features of the pattern. 

6. The magnetizing current should be turned off. 

7. The contact electrodes should be removed. 

8. The test should be applied so that defects having 
different orientations may be detected. 


Summary 


1. It is possible to detect many types of defects. 
Crack-like defects are the easiest to detect if they are 
considered to be defects having one dimension appre- 
ciably larger than the others. Crack-like defects include: 

(a) Cracks and tears. 
(6) Incomplete fusion at weld interfaces and in root 


of weld (including lack of prescribed fit). 
(c) Piping and elongated gas cavities. 
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(d) Spongy metal. 
Elongated non-metallic inclusions. 
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2. Every dimension of a defect has an influence on its 
detectability. Increasing these dimensions gives in- 
creased ease of detection. 

3. The orientation of a defect with respect to the 
surface on which the electrodes are placed influences its 
detectability. 

4. Rounded defects are difficult if not impossible to 

etect. 
. 5. The detectability of all defects is based upon the 
amount of sound metal overlaying the defect. Detection 
becomes easier as this thickness of sound metal decreases. 

6. Defects may be detected at greater depths in thick 
sections of metal than in thin sections. 

7. The width of the magnetic powder pattern in- 
creases with the width and depth of the defect. 

8. As the depth of the defect increases, the magnetic 
powder pattern becomes less sharply defined. 

9. The intensity of the pattern increases with the 
magnetizing current and the height of the defect. 

10. Finished surfaces may be injured by the method 
if care is not taken to prevent overheating or arcing at 
the contacts. 

11. Retained magnetism may be troublesome during 
subsequent operations on pieces tested by this method. 

12. Patterns caused by different defects may be 
similar, thus causing confusion in interpretation of re- 
sults. Inconsequential irregularities and other condi- 
tions not considered to be cause for rejection may cause 
confusing patterns. 

13. Because of the great number of variables in- 
fluencing results of magnetic powder tests, it is very 


difficult to standardize patterns for inspection purposes. 
14. A procedure chosen as best suited to the detection 
of deep-seated defects has been given in the text of this 


paper. 
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Structure of Butt-Welded Steel Tubing 


By H. J. Mastenbrook and H. J. Steffen 


Materials 


HE investigation was made upon commercial 

S.A.E. X4130 tubing, having an outside diameter 

of 1/4 in. and a wall thickness of 0.084 in. The 
specifications for the tubing are as follows: 

Chemical Composition: C, 0.25 to 0.359%; Mn, 0.40 
to 0.60%; P, 0.040% maximum; 0.045% maximum; 
Cr, 0.80 to 1.10%; Mo, 0.15 to 0.25%. 

Physical Properties: 


Wall Thicknesses 


0.188 In. 0.188 In. 
Yield strength, psi. 85,000 80,000 
Ultimate strength, psi. 105,000 95,000 
Elongation, 
Full tube 12 15 
Strip 7 10 


The tubing was cold drawn and stress relieved at 
100° C, in a commercial bright annealing furnace. 


* Abstract of a thesis submitted to Case School of Applied Science in partial 
fulfillment of the requirements for the degree of Bachelor of Science in Metal- 
lurgical Engineering, Case School of Applied Science. The work was per- 
formed under supervision of Dr. George Sachs, Professor of Physical Metal- 
lurgy Contribution to the Fundamental Research Division, Welding Re- 
search Committee. 


Two sections of tubing, 6 in. in length, were end faced 
on a lathe and then butt welded by means of an oxy- 
acetylene torch. The welding was done on the produc- 
tion line of a company engaged in making aircraft parts 
and accustomed to doing this type of welding. The 
welding rod used was S.A.E. 1006, '/s-in. Swedish 
iron rod. The weld sections were first tacked on oppo- 
site sides and then welded continuously starting between 
the tacks. The sections were preheated with the torch, 
and the welded tubing cooled in air. The scale was re- 
moved by sand blasting. 


Hardness Determinations 


The hardness variation in the region about the weld 
was investigated. Hardness readings were taken in a 
systematic manner taking advantage of the symmetrical 
nature of the weld. Two sets of parallel lines were drawn 
upon the surface of the tube, one set passing circumfer- 
entially about the tube and the other set passing longi- 
tudinally along the tube, so that the two sets intersected 
at right angles. The circumferential lines were spaced 
one-quarter of an inch apart starting at the center of the 
weld, and the longitudinal lines were spaced at 60° in- 
tervals along the circumference. Hardness readings 
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Fig. 1—Macro-Etched Butt-Welded S.A.E. X4130 Tube, Show- 
ing Weld and Heat-Affected Zones 


were then taken at each intersection using a Rockwell 
hardness testing machine. 

In order to show the average hardness variations lon- 
gitudinally along the tube, the readings obtained along 
each circumferential line were averaged, and these aver- 
ages plotted against the distance of the readings from 
the weld. 

Assuming the weld to be uniform and made at a con- 
stant temperature, it follows that the effect upon the ad- 
joining tube should be the same along any one circumfer- 
ential line. However, slight discrepancies appeared in 
the readings along these individual circumferential lines. 
The range of these discrepancies was greater than that 
which could be attributed to the instrumental limits of 
accuracy and to the irregularity of the tube surface, so 
further investigation seemed justified. 

A second tube was taken for the investigation, and the 
irregular weld section cut down in a lathe to the outside 
diameter of the tube. Longitudinal and circumferential 
lines were drawn on the surface, the distance between lines 
in this case being '/, in. for the longitudinal and '/s in. 
for the circumferential lines, with one exception, how- 
ever, the first circumferential lines on either side of the 
center line of the weld were moved to within 0.1 in. of 
the center line. In this manner the middle three lines 
were made to be entirely within the weld, avoiding the 
weld edge which would give inconsistent readings. Read- 
ings were then taken at each intersection. 

After the tube had been sectioned for micrographic 
examination, readings were taken longitudinally along 
the inside of the tube in order to be compared with the 
outside surface readings. 


Macrographs 


A macrograph of the tube and weld (Fig. 1) was made 
for the purpose of showing the uniformity of the weld 
and the limits of the heat-affected zones. The tube was 
etched with sodium persulfate and carefully cleaned 
with hydrochloric acid. The tube was macrographed 
at very nearly actual size (1.15 X), the scale being in- 
cluded to show the extent of the heat-affected zones. 


Photomicrographs 


In order to show the structural changes in detail, a 
number of photomicrographs were taken along a longi- 
tudinal section passing through the weld and also a trans- 
verse section taken through the tube at the center of the 
weld. Both sections were polished and etched with 3% 
nital and photographed at 100 xX. 
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The photomicrographs along the longitudinal section 
were taken at intervals of 0.1 in. starting at the center 
of the weld and ending where the structure became tha; 
of the original condition of the metal. All photomicro. 
graphs were taken along the center of the section anq 
covered an area equal in width to about half of the sec. 
tion. 

Photomicrographs along the transverse section were 
taken at '/s-in. intervals which coincide with the longity. 
dinal lines laid down for hardness readings. Each longi- 
tudinal line was given a section number and photomicro. 
graphs are referred to by giving their corresponding sec. 
tion numbers. 


Heat-A ffected Zones 


The macrograph of the tube (Fig. 1) shows the weld to 
be fairly uniform. Two distinct heat-affected zones are 
readily discernible due to a marked alteration of the crys. 
talline structure in these zones. ; 

Zone I, according to later reported hardnesses, is one 
of greater hardness with the exception of the weld itself. 
This portion of the tube has been heated to a temperature 
above the upper critical as is confirmed by micrographic 
examination discussed later. 

Zone II is one of decreasing hardness in a linear fashion 
terminating at a point of minimum hardness. This 
portion of the tube has been heated to a temperature 
below the upper critical and above the lower critical. 

A third zone may also be said to exist along which the 
tube recovers its average hardness. This zone has been 
heated to temperatures below the lower critical. 


Hardness 


The hardness data revealed many interesting facts, 
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Fig. 2—Hardness Distribution Along Butt-Welded X4130 Tub- 
ing Correlated with Temperature Gradient 


_ 


3 


> 


ROCK WELL HAROVESS 


JANUARY 


The] 
cases 
non- 
throt 
tions 
weld 
pect 
was 
T 
the 


\ 
: 
ed 
2000 
la 
rs 
oa 


Nter 
that 
iCro- 
and 


Sec- 


Were 
ritu- 
ngi- 
Cro- 


ts. 


UA % 
sor 4491 
qi F 
99 
94 
tc > 
2 % 
x 
j% 
Ya, 
z .q NY 
2 “ 
4107 Vv 
‘ly 104 
4 
Ye 85 
80 


NUMBER OF CIRCUMFERENTIAL SECTION 


The hardness within the weld varied considerably in some 
cases from point to point. This may be attributed to 
non-uniform distribution of the fused parent metal 
through the metal additions to the weld causing varia- 
tions in the carbon content from point to point in the 
weld. Also the rate of cooling of the weld might be ex- 
pected to have varied, due to the fact that the slag crust 
was unevenly distributed over the weld. 

To show the hardness variation longitudinally on both 
the inside and outside of the tube, the hardness readings 


Fig. 3—Hardness Variations in Different Circumferential Rings Along the Tube 


were averaged circumferentially and plotted against 
their longitudinal distance from the center of the weld. 
This plot is shown in Fig. 2. Included in the same figure 
is a temperature curve showing the temperature to which 
the tube has been heated during welding. The hardness 
distribution in each zone is clearly revealed. 

The hardness of the inside of the tube, in the heat- 
affected zones, appears to be consistently lower than that 
of the outside of the tube. This is probably due to an 
atmosphere of higher temperature existing within the 
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Fig. 4—Hardness Distribution for Different Longitudinal Sections Showing Variations in Width of Heat- 
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tube causing the cooling to take place more slowly on the 
inside. 

The weld metal, which is composed of the welding rod 
addition plus some of the diffused parent metal in this 
region, has been heated to a temperature above the soli- 
dus for both metals. This region is comparatively soft, 
due to the fact that the welding rod addition was of soft 
Swedish iron of low carbon content and only little diluted 
by melting the alloy steel. 

In order to study the circumferential variations in 
hardness, the readings on each circumferential line were 
plotted against their sectional position on the circum- 
ference of the tube, designated by Nos. 1, 2, 3, as shown 
in Fig. 3. The curves are seen to vary from a straight 
line function. These variations occur in a fashion which 
indicates variations in welding temperature as welding 
proceeded. For example, at section 6, one-half a position 
is found in the weld of maximum softness. It is also a 
position of softness along this section for circumferential 
lines */s, '/2, 5/g and in., while for the circumfer- 
ential lines 7/s, | and 1'/s in., it is a position of greater 
hardness. 

In like manner it was found that section 11.5 was a 
position of maximum hardness in the weld, and the hard- 
ness variations in successive circumferential circles was 
the exact opposite to those in the low temperature sec- 
tion. The hardness values of both the low- and high- 
temperature sections were plotted along with the aver- 
age hardness values against the longitudinal distance 
from the center of the weld for the purpose of comparison, 
Fig. 4. 

By measuring the distance between lines along any 
horizontal coordinate, the corresponding shift for any 
hardness value may be found. It may be seen that the 
shift of either line from the average does not at any point 
exceed '/s in. and in most regions is much less. The 


distance between the extremes also does not exceed ‘/, 
in. 

By referring to Fig. 3, it may be seen from the hardnesc 
curves that sections (5.5) and (7) are positions where th; 
heat-affected zones have a minimum width while sectioy 
(11.5) is a position where the zones have a maximyn 
width. Section (15) represents an intermediate pogj 
tion. 


Structure at Various Distances from Weld 


The structural changes effected by the welding opera 
tion along a longitudinal section are shown by the series 
of photomicrographs taken along such a section. [y 
Fig. 5 the photomicrographs are shown correlated with 
the longitudinal hardness variations for the purpose of 
showing the hardness variation which accompanies the 
changes in structure. 

Photomicrograph (1) illustrates the coarse Widman 
statten structure of the welded bead. The Widman 
statten plates are composed of ferrite and surrounded by 
a network of pearlite rich in ferrite. The ferrite plates 
are by far the most predominate component of the struc- 
ture because of the very low carbon content of the weld 
ing rod addition. This Widmanstatten structure is typi 
cal for cast steel. 

Photomicrograph (2) shows the position where the 
weld metal joined with the parent metal, the upper part 
of the photomicrograph showing the weld and the lower 
part showing the adjoining parent metal. The dark 
boundary between the two sections shows where fusion of 
the parent metal ceased. It may be seen that the 
boundary is clean and free from porosity. 

Photomicrographs (3), (4), (5) and (6) show the Wid- 
manstatten needles becoming progressively finer and 
more rounded as the rate of cooling and temperature 
from which cooling began decreased. 
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Fig. 5—Correlation of Structure with Average Hardness Distribution Along Tube 
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d 3/, Photomicrographs (7), (8) and (9) show a mixture of 
recrystallized and Widmanstatten grains, the latter de- 
‘nese creasing in proportion while the former increased. 
re th Photomicrograph (10) shows mainly a recrystallized 
Ction (process annealed) structure formed below the critical. 
mum Photomicrographs (11) and (12) illustrate the struc- 
posi ture of the tube as received, i.e., cold worked and stress 
relieved. 
Structure of Weld 
pera The variations in structure along the weld are shown 
eTies in a series of photomicrographs, Fig. 6. The photomi- 
In -rographs in Fig. 6 were cut to show the outer and inner 
crogray 
With 
se of 
Section 1 Rp = 81 
eld Section 3 Ry 81 
the ‘Section 7 
ure Section 9 . 
Section 11 
Section 


Section 21 
fig. 6—Photomicrographs of Transverse Section Through 
Center of Butt Weld in S.A.E. X4130 Tubing at Intervals of 


In. 


surfaces of the tubing. The fraction of the total cross 
section shown by each set of photomicrographs is about 
*/3, the portion not shown being that in the center. 

__In general, the following observations may be made. 
he structure varies from a Widmanstitten structure 
on the outer edge, to large ferrite grains in the center, 
to a finer Widmanstatten structure and a higher carbon 
content on the inner edge. The Widmanstatten struc- 
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ture on the outside is due to the comparatively rapid 
cooling, the large ferrite grains in the center are due to 
slower cooling and low carbon content, and the finer 
Widmanstatten structure in the inner edge is due to both 
the higher carbon content of the more adjacent parent 
metal and to a rate of cooling intermediate between that 
of the center and outer edge. 

This structure varies in a definite manner for sections 
of greater hardness and lower hardness. In sections of 
low hardness, such as (5), (19) and (21), the structure at 
the inner edge is a fine Widmanstatten with higher car- 
bon content, not unlike that of the parent metal adjoin 
ing the weld as shown in micrograph (2), Fig. 5. The 
ferrite grains in the center are larger and replace much 
of the Widmanstatten structure which appears at the 
outer edge of the average section. The outer edge loses 
much of the characteristic Widmanstatten structure and 
assumes more of the appearance of ferrite grains. 

In sections of high hardness, such as (1), (9), (11) and 
(13), the structure at the inner edge indicates lower car- 
bon content and larger Widmanstatten needles. The 
center shows fewer and smaller ferrite grains replaced 
more quickly by Widmanstatten plates as the outer edge 
is approached. The outer edge shows more pronounced 
Widmanstatten structure and high carbon content. 

The reason for this change in structure with hardness 
is explained as follows: the hardness has already been 
shown to be a function of the welding temperature, and 
the structure may also be shown to be a function of this 
temperature. 

Where the welding temperature was great, it may be 
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assumed the parent metal was fused to a greater extent 
and this fused metal more completely distributed 
throughout the welding rod addition, giving the weld 
metal a higher carbon content. The more rapid rate of 
cooling and the higher carbon content contributed to the 
formation of Widmanstitten structure. 

Where the weld temperature was lower, less of the 
parent metal was fused and distribution of this metal 
through the welding rod addition was less complete. 
The lower carbon content and the slower rate of cooling 
promoted the formation of ferrite grains. 

Section (7), due to its radically different structure, is 
not believed to fit into the general sequence. It is sus- 
pected that the section was one in which a tack had 
been made and which was passed over quickly by the 
welder. This would account for the lower welding tem- 
perature of the region and the refined structure. Any 
metal addition to the tack area may have been ground 
off when hardness readings were taken and would not 
show in the photomicrograph. 


Stress-Hardness Correlation 


The circumferential stress curve obtained by Sachs and 
Graham (*) for butt-welded S.A.E. 4130 tubing of 
the same specification as the welded tubing used for our 
investigation is correlated with the longitudinal hardness 
variations in Fig. 7. 

It may be seen that the maximum (+) stress lies in 
the welded section of low hardness, while the maximum 
(—) stress lies in the hard zone. 

It is in the coarse, hard zone where failure most often 
occurs due to shock, fatigue, or tension. It is therefore 
this zone which should receive greatest attention in any 
heat-treating process considered for doing away with 
this failure. 


Conclusions 


In general there have been accomplished by this work 
an analysis and correlation of the hardness, structure 


and stress distribution in S.A.E. 4130 butt-welded 
steel tubing. 


Heat-A ffected Zones 


It was found that the heat-affected region is divided 
into 3 zones of unique structure. The first zone ex- 
tends for a distance of about °/s in. from the center of 
the weld, the second zone for a distance of °/\, in. be- 


yond the first zone and the third zone for a distance of 


'/,in. beyond the second zone. 
The structure and hardness in each zone are deter- 


mined by the temperature from which cooling began. 


Zone I was cooled from above the upper critical and 


contains a coarse Widmanstiatten structure near the cen- 
ter which becomes progressively finer away from the cen- 
ter. The hardness is uniformly higher than the parent 
metal of the tube with the exception of the weld itself, 
which is softer. 


Zone II was cooled from below the upper critical and 
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above the lower critical. It is composed of a mixture oj 
Widmanstatten and recrystallized structures, the Wiq 
manstatten becoming less predominant and the recryc 
tallized structure more predominant progressing from 


the inner to the outer edge of the zone. The hardnes¢ 
decreases in a linear fashion progressing outward. 

Zone III was cooled from below the lower critica) 
The structure changes from recrystallized grains near 
the inner edge of the zone to that of the parent meta} 
at the outer edge. In this zone the hardness of the 
original tube is recovered moving toward the outer edge. 

The limits of the heat-affected zones was found to vary 
slightly. The maximum variance from the 


average 
limit, however, is less than '/s in. 


TIlardness 


The hardness within the weld was found to vary con 
siderably from point to point. 

The hardness is consistently higher on the outer sur 
face than on the inner surface for the heat-affected re 
gion. 


Photomicrographs 


The structural changes along the tube and through 
the weld are shown in a series of photomicrographs. 
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Strength of Welded T-Joints for Ships’ 
Bulkhead Plates 


By H. B. Fergusson’ 


T WAS the intention of the late Professor B. P. Haigh X-rayed so that any with faults could be rejected; 
of the Royal Naval College, Greenwich, to have pre- 28-32 tons ship quality 0.2%) carbon plate was used 
pared and submitted this paper to the Institution of throughout. All hand welding was done by the same 
Naval Architects, and it is greatly to be regretted that welder using the same heavily coated type of electrode. 
this brilliant scholar is not with us now to express the Before proceeding with the results of these filleted 
results of his work in his own masterly diction. The joints a knowledge of the fatigue limits of the weld metal 
author submits this paper in appreciation of having had and its junction with the plate is fundamental, so some 
the privilege of collaborating with Dr. Haigh and super- thirty butt welds, twenty being hand welds and ten 
vising the preparation and welding of all the specimens. Unionmelt welds, were prepared and tested. The sam 
The object of the work was to investigate under con- ples after welding all had the surplus weld metal ground 
ditions of both static and alternating stresses, different level with the plate, which increases the fatigue limit by 
welded types of T-joints for attaching ships’ bulkhead 20 to 25%. 


plates to the shell and tank plates; the results are of Figure | shows the limiting fatigue cycle of the hand- 
equal interest for similar joints on other classes of engi- welded butt joints to be 0 = 11.2 tons per sq. in. and 
neering structures. for pulsating loads 9'/, tons + 9'/» tons per sq. in., or 


For convenience in testing, cruciform types of speci- 0 to 19 tons per sq. in. The graph shows the relation 
mens were prepared by welding on edge two 30-in. long, between the mean stress and maximum and minimum 
*/sin. thick plates, each 6 in. wide, at right angles one — stresses in the cycle. In all cases fracture started in the 
on each side of the center line of a 2-in. wide to 4-in. plate often clear of the heat-affected zone at a slight 
wide, °/s-in. thick plate. After welding, the plates were scratch caused by the grinding wheel used to level off 
sawed into cruciform specimens which were laid flat and _ the surplus weld, or at a slight step in the surface contour 

where the grinding was not carried out quite deeply 


* Reprinted with permission of British Institution of Naval Architects 
t Director of Messrs. G. A. Harvey & Co. (London) Ltd. enough. 
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The limiting fatigue value for a similar butt joint 
welded in two runs by Unionmelt was 0 + 12.7 tons per 
sq. in. for the first run which was partly normalized by 
the second run, and 0 + 10.6 tons for the unnormalized 
dendritic metal of the second run, the average for the 
whole joint being 0 + 12.0 tons per sq. in. Under 
steady stress on many specimens all broke in the weld at 
between 29 and 30 tons per sq. in., the weld showing 
greater ductility than the plate but giving a lower Izod 
value. Double butt strap riveted joints previously gave 
over 25% lower fatigue values calculated on the gross 
area of the plate. 

Figure 2 shows the fatigue cycle of eleven hand-welded 
specimens (three being stress relieved at 620° C.) of the 
cruciform type with '/2-in. fillets and the unwelded full 
‘/,-in. gap at the plate junction. The limiting fatigue 
value for equal positive and negative loads across the 
gap was 0 + 2!/, tons per sq. in. at ten million cycles. 
All stresses were calculated on the full sectional area of 
the plate limbs. The un-stress-relieved specimens broke 
from the toe of the fillet welds, while fracture commenced 
in the stress-relieved specimens at one end of the °/s-in. 


Fig. 2—Hand Weld, Series X, °/;-In. Gap 
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gap and propagated through the center of the fillet. 
Thus, while stress relieving does not appear to have any 
marked influence on the limiting cycle for the joint as a 
whole, it does appear to have a beneficial effect on the 
weld metal at the toe of the hand-welded fillets. A\- 
though stress relieving may have little effect on these 
specimens which are free to move while being welded, it 
is undoubtedly of great importance in a rigidly welded 
structure. 

Figure 9, Series X, shows the fatigue cycle for pulsating 
stresses for the same type of specimen as seen in Fig. 2. 
It is extraordinary how the previous 0 = 2'/, tons per 
sq. in. now falls to less than 1 ton per sq. in. when the 
steady stress component increases within the elastic range 
up to about 10 tons per sq. in., so that sample X16 
broke after seven million cycles when the stress cycle 
was ranging between 6.2 and 8.3 tons per sq. in., corre- 
sponding to a mean of 7'/, tons with a range of 2.1 tons 
and a semi-range of only 1.05 tons per sq. in. 

The size of the fillet welds chosen, each of two runs, 
was such as to admit of them breaking under static stress 
at just below the minimum tensile strength of the plate. 
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Fig. 6 


Figures 3 to 7 show the effect of steady tensile stress 
on one of these series X specimens. The specimen was 
first varnished by dipping in molten resin so as to observe 
the strain effects. At the first sign of strain the resin 
flakes off, very minute particles flying off with consider- 
able velocity to a distance of 6 to 8 in., an extraordinary 
phenomenon, leaving the polished plate exposed, which 
shows white on the photographs. 


At 10.4 tons per sq. in. appeared the first sign of plastic 
strain in the fillet. 

Figure 3: At 14.2 tons per sq. in. four corners began 
yielding. 

Figure 3: At 15.6 tons per sq. in. lower yield point of 
the parent plate was reached 

Figure 3: At 16.0 tons per sq. in. very slow creep com- 
mences. 

Figure 4: At 16.4 tons per sq. in. yield is reaching the 
fillets. 


Figure 5: At 22.4 tons per sq. in. elongation is 0.14 in. 


Figure 7: 


At 27.8 tons per sq. in. 
total elongation 0.22 in. in 2 in. 


Fig. 8 


Figure 6: At 23.4 tons per sq. in. elongation is 0.24 in 
in 6 in. 


Sudden fracture— 


A number of similar tensile tests made by the author 
in the laboratory of Messrs. G. A. Harvey & Co. (Lon- 
don) Ltd., all broke in the same manner, the welds re- 
maining almost unaffected until the load approached the 
breaking load of the plate. 

Figure 10, Series UX 1 shows the fatigue limits of 
welds made by Unionmelt, leaving gaps of '/, in. at the 
plate junction. 


While stress relieying had little bene- 


ficial effect it was found that slightly grinding the corners 
at the toe of the fillets raised the fatigue limit from 0 + 
3°/, tons to from 0 = 4'/, tons to 0 = 5.0 tons per sq. in. 
Fracture commenced in the unground specimens at the 
toe of the weld and in the ground specimens at the center 
of the fillet. 

Figure 11, Series UX 2 shows the limiting fatigue for 


in 6 in. ten million cycles for Unionmelt specimens with com- 
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Fig. 9—Hand Weld, Series X, °/,-In. Gap 
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plete penetration and absence of any gap, to be 0 + 3%/, 
tons per sq. in. as welded. A surprising improvement 
was found by grinding the toes of the fillets as shown in 
Fig. 8—the fatigue limit reaching 0 + 7'/, tons per sq. in. 
calculated on the original unground area or 0 + 8.0 tons 
per sq. in. on the residual section after grinding, fracture 
still commencing at the toe of the welds in the ground 
specimens. By comparison with butt welds it is indi- 
cated that a drop of 40% in fatigue strength is brought 
about by the stress raisers of the two projecting limbs. 
Confirmation of this is found in University of Illinois 
Bulletin 327, where by welding one °/;-in. thick plate on 
the side of a parent plate the fatigue strength at two 
million cycles reduced the fatigue limiting stress of the 
parent plate by 17% and by welding two plates cruci- 
form fashion the reduction was increased to 40%. 

The serious stress-raising effects of the fillet welds on 
these tests indicated to the author that it would be ad- 
visable to make some tests of plates joined together 
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Fig. 1O—Unionmelt, Series UX 1, '/,-In. Gap 
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cruciform fashion, welding right through, doing away 
with the gaps, and eliminating the fillets altogether, as 
shown in Fig. 12. Four specimens were Unionmel! 
welded, and five hand welded. Two of the Unionmel; 
specimens were pulled for tensile stress and broke in the 
limbs, first sign of creep occurring at 12 tons sq. in. in 
the limbs. Figure 17 shows the nature of the stresses at 
29.5 tons sq. in., and it will be seen that the joint has 
not commenced to yield, only the limbs. 

Specimens broke at 30.3 and 30.5 tons per sq. in. 

In fatigue stressing the seven remaining specimens, 
unfortunately four broke prematurely in the limbs du 
to laminated plate, while a hand-welded specimen broke 
at 0 + S'/, tons after 11.4 million cycles, fracture com 
mencing at some small gas bells in the center of the weld 
A Unionmelt specimen was given 11.13 million reversals 
at 7 + 2'/, tons per sq. in., and then a further 10.0) 
million cycles at 7 + 3'/, tons per sq. in., and remained 
unbroken. A further specimen was given 8,650,000 
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Fig. 11—Unionmelt, Series UX 2, Without Gap 
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Fig. 12—Sketch of H. T. Specimens 


cycles at 0 = 8'/, tons per sq. in., then the stress was 
raised to 0 = 9 tons per sq. in. After 9,162,000 cycles 
the stress was raised to 0 + 9.5 tons per sq. in. and re- 
mained unbroken after 4,690,000 cycles when the stress 
was raised to 0 + 10 tons per sq. in., and after 3,096,000 
cycles the specimen fractured cleanly across the */;-in. 
radius fillet. Although it is known that under-stressing 
has an influence on subsequent fatigue stresses, these 
results are considered sufficiently accurate to assume 
that the limit is now approaching 0 + 9.5 tons per sq. in. 

These results indicate that doing away with the fillets 
greatly increases the fatigue limit. 

Figure 13 to 16 show a specimen attached by fillet 
welding 1°/, x 15/, x */s in. angles 1 in. wide to two 
plates °/s x 1 in. 

Figure 13 shows that at a steady load of 8100 psi. of 
plate section, yield commences at the inner side of the 
fillets, and the horizontal flanges commence to bend, the 
a extension being 0.095 in. 

- Figure 14.—At 10,400 psi. all the fillets have yielded 
ld <i the flanges are bending, the extension being 
).230 in. 

Figure 15.—The stress has reached 13,100 psi., and 
the extension is 0.740 in. 

Figure 16.—Specimen breaks at 13,000 psi., the loading 
dropping as the specimen begins to fail. This shows 


Fig. 14 
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that the tensile strength of such a joint is only about one 
fifth that of a joint made by fillet welding the plates 
directly to one another. It is possibly even less in a 
ship as the horizontal plate in the specimen is not subject 
to the bending moment due to having its points of sup- 
port at a considerable distance away. 

Difficulty was met in fatigue testing as the specimens 
were so springy that they caused the whole machine to 
vibrate violently with the possibility of doing damage 
when equal tension and compressive loads were applied; 
so tests could only be proceeded with by imposing some 
steady compressive or tension load. Sufficient tests 
were not completed to establish the complete fatigue 
cycle, but the tests made indicate the upper limit to be 
not more than 0.7 + 0.7 tons per sq. in., and the lower 
limit not less than 0.06 + 0.47 tons per sq. in., proving 
this type of joint to be extremely weak in fatigue. 

The conclusions arrived are: 

1. The simple fillet welding of two plates T-fashion 
gives a joint almost as strong as the parent plate under 
steadily imposed stress. 

2. Such joints are unexpectedly weak under repeated 
equal compressive and tensile loads, and surprisingly so 
if pulsating loads are applied. 

3. Preparing the edges of the plates so as to decrease 
the unwelded gap increases the fatigue limit by 65%. 

4. Decreasing the gap by 60% and grinding the toe 
of the welds raises the fatigue value by 90%. If there is no 
gap and the toes of the welds are ground the fatigue limit 
is trebled, but is still 40% less than a butt-welded joint. 


Swiss Fatigue Tests of 
Oxyacetylene Welded 
Aircraft Tubing 


N aircraft structures there is considerable fatigue 
| stress besides the static load. Designers therefore 

should base their selection of construction methods 
and materials not only on static strength, but on fatigue 
strength as well. An example of the importance of fa- 
tigue tests may be described. Three different types of 
filler rods were suggested for welding aircraft tubing with 
the oxyacetylene torch. First, there was the standard 
chromium-molybdenum steel rod for aircraft welding. 
Second, there was a special alloy steel rod said to be 
specially suited for aircraft welding. And third was an 
unalloyed, low carbon steel welding rod. In static ten- 
sile tests the yield and tensile strengths of welds made 
with the three rods were essentially the same (yield 
strength = 85,000-93,000 psi., tensile strength = 95,000— 
107,000 psi.). There was, however, considerable differ- 
ences among the three rods in pulsating tension fatigue 
tests made at the Swiss Federal Testing Bureau. 

In these tests the specimens were butt welds made 
with an oxyacetylene torch in chromium-molybdenum 
steel tubes 1.10 in. diameter, 0.059-in. wall. For the 
first 100,000 cycles the upper stress was 42,600 psi. If 
the specimen was not broken the upper stress then was 
raised to 46,900 psi., if still unbroken the specimen was 
stressed a further 100,000 cycles at 51,200 psi., etc. The 


* Extracted from an article by M. Heiz in Journal de la Soudure, 31, 284- 
294 (1941). Mr. Heiz is associated with the Swiss Federal Construction Shops. 
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5. The simple fillet welding of the plates with fy 
gap is at least four times as strong in fatigue and five 
times as strong under steady tensile stress as plates 
attached by fillet welded on angles. 

6. The best method of attaching these plates is tp 
scarf the edges of the abutting plates so as to enable 
weld penetration to be made right through, without gap, 
and to do away with the fillets except for a very small 
corner radius. For this type of joint the limiting fatigue 
stress, both under conditions of equal compressive and 
tensile loads and of pulsating loads with steady imposed 
component, is four times that of plain filleted welds 
having the same tensile strength as the plate, thus 
approaching within 80% of the fatigue strength of 
Lloyd's Class I, X-rayed, welded butt joints. 

It would be of great importance to ascertain the resist. 
ance of these different types of joints to shock tests 
applied to full-sized specimens parallel to their longi 
tudinal axis; a very powerful Izod testing machine 
might be adapted for carrying out the tests. 

Acknowledgment is given to the authorities of the 
Royal Naval College, Greenwich, for the facilities 
afforded, so that the fatigue tests mentioned in this 
paper could be continued by the Applied Mechanics 
Department subsequent to the death of Professor B. P. 
Haigh; also to Mr. C. B. Snodgrass, B.Sc., A.R.S.M., 
Chief Metallurgist, and Mr. S. E. Gallant, Welding 
Foreman, Messrs. G. A. Harvey & Co. (London) Ltd., 
for their help in preparing the specimens. 


lower tensile stress in all tests was 4300 psi. to prevent 
possible buckling of the specimen. 


Five specimens welded with each rod were tested. 
The joints welded with the chromium-molybdenum steel 
rod were not broken after 100,000 cycles at 42,600 psi. 


and 100,000 cycles at 46,900 psi. But all broke before 
withstanding 100,000 cycles at 51,200 psi. Four of the 
five specimens welded with the specially alloyed rod 
broke during the second 100,000 cycles, that is, while the 
upper stress was 46,900 psi. The fifth specimen was not 
broken at the conclusion of the second 100,000 cycles, but 
broke after a few cycles of stress at 51,200 psi. Sur- 
passing the joints made with the two alloy steel rods, the 
joints made with the unalloyed, low carbon steel rod 
were unbroken after the third 100,000 cycles at 51,200 psi. 
All broke, however, during the fourth 100,000 cycles at 
an upper tensile stress of 55,500 psi. 

The superiority of the unalloyed rod was found to lie 
in two facts: 


1. Easier weldability; the plain carbon steel rod 
flowed more readily than the alloyed rods. 

2. For a given welding speed and rod diameter, a 
smaller welding flame can be used with the plain carbon 
rod than with the alloy steel rods. Asa result the welds 
made with the unalloyed rod had a smoother surface 
than the alloy welds. Close examination revealed that 
the fatigue fractures of the specimens welded with the 
alloy rods occurred at the notch between weld metal and 
tube at the edge of the weld. Fatigue fractures in the 
specimens welded with the plain carbon steel rod, on the 
other hand, occurred a short distance away from the 
weld. The large difference in fatigue results among the 
rods therefore was traced to the difference in their weld- 
ability. - 
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An Investigation of the Behavior of 
Residual Stresses Under External 


Load and Their Effect on Safety 


By J. T. Norton! and D. Rosenthal! 


welding. The purpose of the present investigation was 
to make a basic experimental study of the problem by 


Abstract 


TRUCTURAL engineers are generally apprehen- 
sive of residual stresses, especially in welding 
where they may reach high values. But, as yet, 

their true role has not been established with certainty 
because of so many factors involved in actual welding. 
The authors undertook a basic investigation of the prob- 
lem by the use of new and more suitable techniques. The 
residual stresses were produced under controlled condi- 
tions and they were measured in an entirely non-destruc- 
tive way by means of X-rays. The results show that 
residual stresses will not affect the safety of a ductile 
material subjected to static and repeated load, if the 
article is homogeneous and without notches and if the 
residual stresses act in no more than two directions. 
The notch impact resistance of such a material is also 
unaffected by a biaxial state of stress. This informa- 
tion enables one to attack the problem of residual stress 
in actual welding in a more appropriate way, by con- 
centrating attention upon the role of heterogeneity, 
surface irregularities and more complicated states of re- 
sidual stress. 


Purpose.—Any welding process may be considered as 
an operation by which the welded article is intensely 
heated and cooled over a very limited area. Conse- 
quently there will be, as a rule, little possibility of free 
expansion and contraction. Because of this state of 
constraint, residual stresses will remain in the article 
after welding. In service, working stresses will be super- 
imposed upon these residual stresses. It is of the utmost 
importance to know what will happen to the welded 
structure under the combined effect of residual and work- 
ing stresses. Are the residual stresses ironed out in the 
lifetime of the structure, and, if so, to what extent? 
Conversely, how is the safety of the structure affected 
by the residual stresses? 

Numerous investigations have been carried out to 
answer these questions. They have been reviewed 
previousl 7, and more recently* in connection with the 
fatigue of welded structures. It was pointed out that, 
despite the work already done, the present knowledge 
of this problem is still in a very contradictory state. 
For one thing, the influence of working stresses was not 
determined directly because of the destructive method 
used to measure the amount of residual stress. For 
another, the effect of the residual stress was not ascer- 
tained because of so many factors involved in actual 


* Presented at the Annual Meeting, A.W.S., Cleveland, Ohio, Oct. 12 
to 15, 1942 


t Professor of Metallurgy, Massachusetts Institute of Technology. 


} Assistant Professor of Metallurgy, Massachusetts Institute of Tech- 
nology, and Advanced Fellow, Belgian-American Educational Foundation 


use of more suitable techniques. The non-destructive 
X-ray diffraction method was selected as a means of 
measuring the residual stresses and a method was de- 
vised to create residual stress by local heating without 
involving any structural or shape changes. In this way 
the effect of residual stress could be measured without 
destroying the specimen and investigated separately 
from other effects accompanying actual welding. 

The investigation of a biaxial state of residual stress 
was selected as the first logical step of this research. 
For it can be shown" that in large welded articles, such 
as pressure vessels, armor plate, etc., residual stresses 
will act at least in two directions (longitudinal and trans- 
verse stresses). Specimens with and without residual 
stress were subjected to static, dynamic and repeated 
load, and their behavior was examined with respect to 
the amount of residual stress igvolved. The results 
and conclusions of this investigation are reported in the 
present paper. 


Specimens 


Material 


The investigation has so far been limited to a mild 
steel, S.A.E. 1020. It will, however, appear later that 
the results may be extended to a low-alloy high-tensile 
steel as well. 

The specimens were taken from three different cold 
finished flats, 3 in. wide and */,; in. thick designed there- 
after by A, Band C. Table 1 gives the chemical com- 
position and mechanical characteristics of the base 
metal. 

The wide variation of mechanical characteristics is 
due to various treatments given to individual specimens 
in order to develop a “‘stress-free’’ material and a suit- 
able grain size for the X-ray diffraction technique.§ 


§ The details of this technique will be developed later in a special publica 
tion 


Table 1—Composition and Mechanical Properties of the 


Material 
————Designation of Specimens— 

Characteristics AltoA8 to B17 C4 C5 
C,% 0.17 0.18 0.18 0.18 
Mn, % 0.57 0.59 0.77 0.77 
Si, % 0.01 0.01 0.17 0.17 
P, % 0.014 0.013 0.011 0.011 
Ss, % 0.016 0.039 0.022 0.022 
Yield point, psi. 60,500 52,000 35,000 
Tensile strength, psi. 72,000 79,000 72,000 32,000 


The specimens being of no standard size, elongation was not 
recorded. 
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The dimensions and shape of specimens were made in == 


accordance with the testing machines available. They Table 2—Conditions of Local Heating in a Butt-Welding - 
were: Resistance Machine oF 
1. Flat specimens: 14-15 in. long x 3 in. wide x 0.3 All intensity 
in. thick for the static tensile test. Primary 
2. Flat specimens: 14.5 in. long x 3 in. wide x 0.185- ; 15¢ 
0.168 in. thick for static and repeated reverse bending. aie _ Diam.of Current Time of 
: Thickness, Heated Inten., Heating, 
3. Prismatic notched bars 6.00 x 0.984 x 0.360 in. In. Ages, In. Amp. 
with a keyhole notch in the middle: 0.0785 in. diam., C5 03 3/, 3000 40 
0.59 in. deep for the impact bend test. The choice of this C4 0.21 3/, 3000 40 Overheated 0 
notched bar will be justified later. C4 0.21 */, 3000 35 
. Al 0.168 3000 15 
The specimens were brought down to the desired thick- A3 0.187 a/s 3800 aa. , 
ness by surface grinding and polishing. The cold-worked 
surface layer produced in this way was removed in the ee, 
notched bars by subsequent heat treatment in a neutral pronounced stress gradient such as exhibited in the dia. 7 
atmosphere. In the flat specimens it was etched away gram, Fig. 10, and in many cases may make up for the 
with a solution of 20% HNOs in water. somewhat low precision of the method (+ 1000 psi. at the 
best). 
; ; Like other methods, the X-ray diffraction method ( 
Measuring of Residual Stress measures stresses only at the surface. To be sure, it 
will disclose any change that surface stresses undergo 
The technique of measuring residual stress by means when the amount or distribution of inner stresses js 
of X-rays has been described elsewhere.” It will be re- changed. But, as a non-destructive method, the X-ray 
called that this technique is based on the fact that X- diffraction method reveals only what happens on the 
rays are diffracted from the atoms in metals. From the surface, thus limiting the study of residual stress to a 
examination of the diffraction phenomena in an actually hiaxial state at the most. 
stressed material, the component of strain in any de- 
sired direction can be readily computed. Thus, it is ; ( 
not necessary to make measurements in the unstressed Production of Residual Stress ; 
state, as when using other methods, to actually calculate P : | 
the stress. This circumstance makes the X-ray diffrac- | The method of creating residual stress by local heat 
tion method particularly designed for measuring the ing consisted in the following: ' 
residual stress. It is, in fact, the only non-destructive The specimen, a flat bar, was squeezed between two _ 
method available for this purpose. round electrodes of mild steel inserted in the secondary , C5 
Another advantage of the X-ray technique is that of a butt-welding machine. Using a current from 3000 ap 
the diffraction of X-rays requires only a very small to 4000 amp., the specimen was heated locally by con- th 
volume of material. In this way measurement can tact resistance over an area equal to the diameter of the JR wz 
be limited to an area as small as is consistent with a good electrode. gr 
technique, in the present experiments to less than '/, Current intensity, size of electrode and time of heating . th 
in. in diameter, thus permitting local exploration of were adjusted in such a way as to make a satisfactory , to 


stress. This is particularly valuable when dealing with compromise between two contradictory conditions: 


Fig. 1—Structure of a Mild Steel Treated Fig. 2—Overheated Coarse Grain in Fig. .3—Structure of Specimen C4 Pro By 
to Develop a Grain Size Suitable for the Specimen C4. The Crack Has-Developed duced by a More Moderate Heating thes §7 
X-Ray Technique of ame Measurement. During a Fatigue Test. 200 x in the Case of Fig. 2. 200 x < 
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Fig. 4—(a) Distribution; (b) Change of Temperature During Local Heating of Specimen C4; d), Extent 
of the Heated Zone; t,, Duration of the Heating 


(a) Sufficient heat input to insure symmetry in stress 
distribution. 
(6) Moderate rise in temperature to prevent any 
appreciable structural change in the material. 
Table 2 summarizes conditions adopted for the four 
investigated specimens. While the 0.3-in. thick specimen 
C5 could be heated for 40 sec. without undergoing any 
appreciable change in structure or in hardness, Fig. 1, 
the same treatment applied to the specimen C4, which 
was only 0.2 in. thick, resulted in an overheated coarse 
grain, Fig. 2. Reducing time to only 35 sec. improved 
the grain size, Fig. 3, but lowered the hardness from 163 


for when measuring temperature during heating cycle. 
It was found, Fig. 4, that the center of the heated spot 
remained more than 40 sec. above the temperature of 
1200° F. to which the specimen was originally heated, 
when treated for proper grain size. 

To still further reduce time of, heating, a '/:-in. elec- 
trode was employed for specimen Al. In this way ade- 
quate heat input could be obtained within only 15 sec., 
and the center of the heated spot remained only 16 sec. 
above the original temperature, 1150° F., needed for 
suitable grain size. Unfortunately, the peak of tem- 
perature turned out to be even higher than previously, 
Fig. 5, and this was believed still to have caused a local 


to 143 Brinell. The drop of hardness could be accounted 
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Fig. 5—() Distribution; (b) Change of Temperature During Local Heating of Specimen Al; dy Extent] 
of the Heated Zone; t,, Duration of the Heating 
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(a) Transverse stress. 
(b) Longitudinal stress. 
do, Extent of the heated area. 
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Fig. 6—(a) Distribution; (b) Change of Temperature During 
Local Heating of Specimen Al; dy, Extent of the Heated Zone; 
to, Duration of the Heating 


Fig. 7—Distribution of Residual Stress Produced by Local 
Heating in Specimen C5 
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decrease in hardness (and yield point as well 
later). 

A */s-in. electrode and a period of heating of only 7 
sec. was finally adopted for specimen A3. This time 
the peak of temperature in the center of the heated 
area was appreciably lower, Fig. 6, and no chang 
hardness could be detected. 

The nature and amount of residual stress produced jp 
the four specimens, under above-mentioned conditions 
are represented by Figs. 7 to 10. “ 
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Fig. 8—Distribution of Residual Stress Produced by Local 
Heating in Specimen C4 

(a) Transverse stress. 

(b) Longitudinal stress. 

do, Extent of the heated area. 


Stresses in longitudinal and transverse directions were 
measured in each case at the section of specimen passing 
through the center of the heated spot. It is seen that 
the distribution of residual stress exhibits a common 
feature in all four specimens, but the extent of the zone 


affected by stress decreases rapidly as the heated spot 


becomes smaller with respect to the width of specimen. 
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Heating in Specimen Al 


(a) Transverse stress. 
(b) Longitudinal stress. 
do, Extent of the heated area. 
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Heating in Specimen A3 


(a) Transverse stress. 
(b) Longitudinal stress. 
do, Extent of the heated area. 
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Fig. 11—-Stress/Strain Diagram in Tension in the ‘Stress-Free’ 
Region of the Specimen C5 

1, Face 1. 

2, Face 2. 


The longitudinal stress is a tension within and com- 
pression outside of the heated area. In view of the fact 
that no external load is applied to the specimen, com- 
pressive and tensile longitudinal stress must be in balance. 
This condition seems to be fairly well respected in dia- 
grams, Figs. 7 to 10. 

The transverse stress, which is also a tension within 
the heated area, decreases rapidly to zero when ap- 
proaching both edges of the specimen. Obviously no 
transverse stress can be present at the edge. 

Transverse and longitudinal tensions submit the 
central part of the specimen to a state of biaxial tension, 
which is almost at the yield point of the material.* 


* The depression in the central part of diagram, Fig. 9, may be ascribed 
to a local drop of mechanical characteristics due to overheating as explained 
previously; as to the specimen C4, the existence of a region of coarse grain 
seems to have upset the value of residual stress far below the original yield 
point of the material. As explained previously, the coarse grain structure 
was a result of an accidental severe overheating. The specimen was stress 
relieved and less drastically heated in a slightly different region, but naturally 
the stress annealing, which was carried out below the transformation range, 
could not remove the coarse grain structure. 


40 


This is true even if the temperature gradient is very 
steep, as in the case of the specimen A3. Thus, the 
value of the yield point seems to naturally limit the 
amount of residual stress produced by the present tech. 
nique. 


Static Tension 


Technique 


Specimen C5, Table 1, was used for this test. The 
distribution and amount of residual stress produced iy 
this specimen by local heating under conditions discussed 
previously are represented by diagrams, Fig. 7. 

The specimen was seized in the grips of a 100,000 
Riehle testing machine and loaded successively to 6500, 
14,400, 26,500 and 34,500 Ib., which represented a uni- 
form stress of 7200, 16,000, 29,500 and 38,300 psi., the 
latter definitely above the yield point of the material. 
After application of each of these stresses, the specimen 
was unloaded and checked for residual stress by the X-ray 
diffraction method. The deformation during loading 
and unloading was measured in the longitudinal direc- 
tion over a length of 1 in. by means of strain gages 
(Huggenberger extensometers) which could disclose 
easily a change in length = 2.0 X 10~* in., consequently 
a strain = 2.0 X 10-*%. Four strain gages were placed 
at the section passing through the center of the heated 
spot, as shown in the sketch, two in the center and two at 
the edge, Fig. 12. In addition, two other gages were 
placed 1'/2 in. away from this section, one on each side 
of the specimen, to record the stress/strain relation in 
the ‘‘stress-free’’ part of the specimen. 


Results 


Diagrams, Fig. 11, give the stress/strain relation in 
the “‘stress-free’’ part of the specimens on both sides of 
the specimens upon loading to and unloading from 7200, 
14,400, 20,500, 29,500 psi. up to the yield point of the 


Fig. 12—Stress/Strain Diagrams Taken at Four Points I, II, II] and IV of Section of Specimen C5 Con- 


taining Residual Stress. 
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(b) Locatiofi of Strain Gages 
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material. It is seen that below the yield point of the 
material, namely, below 35,000 psi., the relation is strictly 
linear and reversible, the loading and unloading curves 
being in coincidence. 

lhe stress/strain relation upon loading and unloading 
is more complicated at the section, Fig. 12, where residual 
stresses have been originated by local heating. Dia- 
grams, Fig. 12, refer to four points of this cross section, 
marked I, II, II] and IV. At the load of 38,300 psi. 
the deformation has exceeded the range of the exten- 
someters, the loading curve alone has been therefore 
plotted. 

A small creep (deformation under constant load) may 
be noted in the diagrams at 16,000 and 29,500 psi. This 
creep occurred when trying to maintain a constant load, 
but subsided quickly, and no further creep was observed 
under constant load after 6, 18 and 24 hr. 

When replotting in Fig. 12 the diagrams of Fig. 11, it 
is seen that, upon loading, diagrams I and II taken in 
the middle of the section depart from the linear stress/ 
strain relation almost immediately and certainly above 
1400 psi. The departure of diagrams III and IV, 
referring to the edge of the specimen, is less pronounced, 
nevertheless obvious (the records were not made for the 
first loading up to 7200 psi.). 

An important feature of these diagrams is that the de- 
parture from linear relation only occurs upon the first 
loading. The stress/strain relation becomes identical 
to that of “‘stress-free’’ part of specimen on unloading 
from or repeated loading to the same maximum value 
(this last procedure was actually carried out six times at 
29,500 psi.). 

The trend of the stress/strain diagram upon loading 
exhibits a marked change above 32,000 psi., and is be- 
lieved to be due to the exceeding of the yield point of the 
material at the section considered. This value of the 
yield point appears to be slightly below the 35,000 psi. 
found in the “‘stress-free’”’ part of the specimen, Fig. 11. 

As stated previously, determination of residual stress 
was carried out after unloading from 7200, 16,000, 
29,500 and 38,300 psi. The trend of variation of the 
corresponding diagrams in longitudinal and transverse 
directions is given in Fig. 13. A progressive decrease of 
residual stress may be noted as the specimen is unloaded 
from a higher value of the applied load. However, no 
change was observed, when repeatedly unloading from 
the same value (cf. section on Repeated Bending).* 

At 29,500 psi. the longitudinal residual stresses on the 
surface are no longer in balance, the compression being 
predominant, while after exceeding the yield point to 
38,800 psi., the surface of the specimen is only sub- 
mitted to residual compression in longitudinal direction, 
the transverse stress being zero. Previously* the pres- 
ence of residual compressive stress on the surface in the 
direction of loading and no stress in transverse direction 
has been conclusively revealed in ‘‘stress-free’’ specimens 
which have exceeded the yield point in tension. 

It was therefore assumed that the residual stress 
present in the specimen C5 after unloading from 38,800 
psi. was caused by the exceeding of the yield point of 
the material, rather than by the effect of loading upon 
the initial residual stress, and the experiment was dis- 
continued. 


Discussion of Results 


The results may be discussed from two points of 
view : 

. There is a marked dissymmetry in the stress distribution after unloading 
from 7200 and 16,000 psi. This is attributed either to an imperfect centering 


of the specimen or, more likely, to some inhomogeneity of plastic deformation 
during loading. 
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Fig. 13—Relief of Residual Stress by Loading in Tension the 
Specimen C5 


(a) Transverse stress. III, 16,000 psi. 
(b) Longitudinal stress. IV, 29,500 psi. 
> load. V, 38,300 psi. 
II, 7200 psi. 


1. Influence of Static Loading in Tension Upon the 
Residual Stress——The experiment points conclusively 
to the fact that residual stresses are gradually relieved 
by static loading in tension. The relief is not limited to 
the zone of high residual tension, but extends over the 
whole portion which stands under residual constraint. 
This is readily understood in view of the condition of 
equilibrium of tensile and compressive stresses, which 
must be fulfilled in the process of stress relieving. 

Residual stresses relieved by the application of a given 
amount of external load undergo no further change upon 
unloading from or reloading to the same amount of ex- 
ternal load. Nor is the duration of loading of any im- 
portance in the particular case considered (mild steel 1020 
and room temperature). Further relief of residual stress 
is only possible if the external load is increased. 

It will be shown later that complete relief of residual 
stress cannot occur in direct tension below the yield 
point of the material. But above the yield point any 
amount and state of residual stress produced by local 
heating is likely to disappear. To be sure, it will be re- 
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placed in a ductile material by another state of residual 
stress such as would occur in a stress-free material when 
exceeding the yield point. 

2. Influence of the Residual Stress on the Behavior of 
Mild Steel in Static Tension——As seen from stress/ 
strain diagrams, Fig. 12, the presence of residual stress 
causes local departure from Hooke’s law and local plas- 
tic flow under an external load which is well below the 
yield point of the material. As in the case of residual 
stress, plastic deformation undergoes no further change 
upon unloading from or reloading to the same applied 
load. Further plastic flow is only possible if the ex- 
ternal load is increased. Thus, plastic flow and relief 
of residual stress are closely related. Relief of residual 
stress occurs because plastic flow sets in. Conversely, 
plastic flow starts as a result of the combined effect of 
applied and residual stress. The condition governing 
this effect will be discussed later. However, departure 
from Hooke’s law is not restricted to the zone of high 
residual tension; it also occurs in the region of residual 
compression. Obviously, no condition for premature 
plastic flow can exist in this region. Therefore, the de- 
parture from Hooke’s law must be regarded here as a 
result of stress relief caused by plastic flow elsewhere, 
in this case in the region of high residual tension. 

The foregoing is true only when the applied load is 
below the yield point of the material. When the applied 
load exceeds the yield point, the deformation of the 
specimen is governed solely by the plastic properties of 
the base metal, as would be the case of the stress-free 
specimen. 


Static, Direct and Reverse Bending 


The static bending was carried out only in conjunction 
with repeated bending to be described later. It was 
therefore less completely investigated than static tension. 
Three specimens marked C4, Al and A3 were used for 
these tests. Dimensions and mechanical characteristics 
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Fig. 14—Specimen C4 Loaded in Static Bending 


(a) Scheme of loading; d, deflection. 
(b) Stress/deflection diagram of specimen C4 in direct (circles) 


and reverse (crosses) bending. 
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Fig. 15—-Specimen A3 Loaded in Static Bending. Face | 


(a) Stress/strain diagram at different points of the face | sub. 
mitted to compression in direct bending and tension in reverse 


bending. 
(b) Location of strain gages. 


are listed in Table 1. The distribution and amount of 
residual stress produced in these specimens by local 
heating under conditions discussed previously are repre- 
sented in Figs. 8, 9 and 10. 

The static bending was carried out in a 60,000-lb. 
Riehle testing machine in such a way as to approach 
conditions existing in the repeated bending machine. 
The central portion of the specimen was loaded in con- 
stant bending over a span BC, Fig. 14 (a), which was 
made equal to the distance between supports (node) in 
the fatigue vibrating machine (see section on Repeated 
Bending). Likewise, the lever AB = CD over which 
the load was applied was such as to produce the same 
maximum deflection as in fatigue test for a given stress 
in the middle section of the specimen. The specimen 
was loaded to the desired value and unloaded. It was 
then turned over so as to submit to compression the 


_ face previously tested in tension and vice versa, and re- 


loaded to the same value. The residual stresses were 
checked in some cases after direct and reverse bending, 
in others after reverse bending alone. The specimen was 
then either directly loaded to the next higher value, or a 
sequence of vibrations was interspersed between two 
successive static loadings. Static loading was not car- 
ried out above the yield point in view of the subsequent 
fatigue tests. As a rule it was discontinued below 
32,000 psi.* 

The effect of residual stress on the behavior of the 
specimen C4 was determined first by measuring the de- 
flection with a */jo-in. dial gage. Since the residual 
stress was very localized, only small effect was disclosed, 
Fig. 14. 

The very sensitive Ruge-de Forest electrical strain 
gages were then used,’ and the stress/strain relation 
established for ten points at the section passing through 
the center of heated spot, Figs. 15 (6) and 16 (6). The 
gages, which were of standard size, could measure an 
average strain of at least two parts per million over a 
length of */,in. The specimen was loaded progressively 
up to 28,000 psi. in the middle portion of the specimen 
and unloaded. The gage at the spot 0, Fig. 16 (6), was 
then removed and the amount of residual stress checked 
at this spot by means of X-rays. Thereupon the speci- 


* In the course of the experiment it appeared that the flat specimens did 
not follow exactly the beam theory. Using a “‘stress-free specimen’’ for 4 
check, a deflection 5% smaller was found along the center line than along 
both edges. The increase of rigidity in the center was attributed to a partia! 
lateral constraint and has been accounted for by assuming a small! transverse 
stress, = 0.15 longitudinal stress‘ in the center. 
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Fig. 16—Specimen A3 Loaded in Static Bending. Face 2 
(a) Stress/strain diagram at different points of the face 2 sub- 
mitted to tension in direct bending and compression in reverse 
bending. 
(b) Location of strain gages. 


men was submitted to a reverse bending of the same 
amount and the strain measured with the nine remaining 
gages. 

No measurements were undertaken during bending 
with the specimen Al. 


Results 


The stress/deflection diagram for direct and reverse 
bending of the specimen C4 is plotted in Fig. 14 (0). 
The stresses in this specimen were already partially re- 
lieved by previous single and repeated reverse bending 
at 19,100 psi. Asa result and in accordance with tensile 
tests, the diagram departs from linear relation only above 
19,100 psi. When reloaded in reverse bending, the 
specimen again deforms elastically until 19,000 psi., but 
exhibits additional plastic deformation above this value. 

Particulars of this behavior are better revealed in 
stress/strain diagrams relating to direct and reverse 
bending of the specimen A3, Figs. 15 and 16. It will be 
appreciated that the plastic yield is greater on the tensile 
side, in direct as well as reverse bending. The total 
amount of plastic flow, however, is small in both cases, 
especially when compared to the amount of plastic flow 
in tension. 

The influence of direct and reverse bending on the 
amount of residual stress is represented in diagrams, 
Figs. 17, 18 and 19. 

Diagrams, Fig. 17, refer to reverse bending of the speci- 
men C4 at 19,100 psi. and 32,000 psi. Since at both 
loads the highest compressive and tensile residual stresses 
were found on the face 1, the stress distribution on the 
face 2 was overlooked in this figure. For similar reasons, 
diagrams, Figs. 18 and 19, show as a rule only the dis- 
tribution of residual stress at parts of the specimen which 
are directly involved in the process of stress relieving.* 


Discussion of Results 


Influence of Static Bending on the Residual Stress.— 
The general feature of the relief of residual stress by 
applied load, as found in static tension, is confirmed in 
static bending. Increasing the applied load increases 


* Thus, in direct bending tensile longitudinal stresses alone, with corre- 
sponding transverse stresses, were plotted on the tension side, whereas com- 
pressive longitudinal stresses only, with corresponding transverse stresses, 
were plotted on the compression side. In reverse bending only parts with 
highest tensile and highest compression residual stress were considered. As 
in the case of tensile test, residual stress which had an opposite sign to that of 
ine sppted stress, was also somewhat relieved, both in direct and reverse 
vending. 
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the stress relief, but unloading and, as will be seen later, 
repeated loading cause no further relief. In variance 
with the tensile test, bending may cause relief not only 
by extension but also by compression. Thus the maxt- 
mum residual compressive stress produced by local 
heating may also play a role in the stress relieving. 

Judging from the behavior of specimen Al, direct 
bending relieves the peak of residual stress to the same 
value as reversed bending. Of course, the parts of the 
specimen involved in both cases may be, and actually 
were, different. The quantitative aspect of this relief 
will be discussed later. 

No experiments were carried out under a load exceed- 
ing the yield point of the outer layers. There is every 
reason to believe’ that conditions will develop similarly 
as in direct tension, at least in so far as the surface of the 
specimen is concerned. Nevertheless, further investiga- 
tion in this direction seems desirable. 


40 


ib/SQ 


20 


1000 


-Q5 


30 


20 


ibn/SQ 


1000 


05 10 


INCHES 
(b) 


Fig. 17—Relief of Residual Stress in Specimen C4 Submitted 
to a Reverse Bending 


(a) Transverse stress. 

(b) Longitudinal stress. 
I, No load. 

II, 19,100 psi. 

III, 32,000 psi. 
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Fig. 18—Relief of Residual Stress in Specimen Al Submitted _4 


to Direct and Reverse Bendings 


(a) Transverse stress. 


(b) Lo 
I, No load and 10,000 psi., reverse 

20,000 psi., reverse bending. 

, direct (squares) and reverse (triangles) bending. 


III, 30,000 psi. 
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(a) Transverse stress. 
(b) Longitedinal stress. 
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(b) 


I, No load. 


II, 32,000 psi. 


Fig. 19—Relief of Residual Stress in Specimen A3 Submitted 
to a Reverse Bending 
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Table 3—Results of Fatigue Tests in Reverse Bending 


Specimen Stress, psi. Cycles Remarks 
Stress-free Specimens 
A2 39,900 1,300,000 Rupture 
A4 35,700 3,200,000 Rupture 
AS 33,000 10,000,000 No rupture 
A5 36,000 10,000,000 Rounded edges, no rup- 


ture 


Specimen with residual stress 


A3 32,000 10,000,000 No failure 
39,000 860,000 Rounded edges, rupture 
in the middle of the 
face 
A] 33,000 10,000,000 No failure 
36,000 10,000,000 No failure 
C4 19,100 5,000,000 No failure 
31,000 1,000,000 Rupture 


Influence of Residual Stress on the Behavior of Mild 
Steel in Direct and Reverse Bending.—The general fea- 
ture of stress/strain diagram found in tensile test is also 
exhibited in direct and reverse bending. As a result of 
residual stress, the stress/strain diagram departs locally 
from Hooke’s law under an applied load which is well 
below the yield point, of the material. Plastic flow sets 
in and progresses in direct bending only when the load is 
increased. However, if the specimen is reversed, an 
additional flow will start without increase of load, but 
further reversals are without influence. Obviously, the 
plastic flow caused by the first reversal is due to relief of 
stress in parts which were only slightly affected by direct 
bending. 

As a whole the stress/strain diagrams, Figs. 15 and 16, 
exhibit less plastic yield than the corresponding diagrams 
in static tension under the same applied stress. This 
may be so because the area subjected to residual con- 
straint was more limited in the specimens employed in 
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CYCLES 
Fig. 20—Fatigue Diagram in Reverse Bending 


Open circles and squares—stress-free specimens. 

Full circles and squares—specimens with residual stress. 
Squares indicate specimens with sharp edges. 

Circles indicate specimens with rounded edges. 

Arrows indicate—no failure 


bending or, more likely, because of the particular nature 
of deformation involved in bending. It seems reason- 
able to assume that in bending the inner, less stressed, 
layers of the specimen will tend to restrict somehow the 
plastic flow of the outer layer. This being so, bending 
would have to be considered as a less effective means of 
stress relieving the bulk of the material than direct ten- 
sion. However, this statement still needs further experi- 
mental support. 


Fatigue Tests 
Technique 


The fatigue test was carried out in the Rayflex vibrat- 
ing machine which subjected the specimen to a reverse 


Fig. 21—Fatigue Crack in the Overheated Area of the Speci- 
men C4 


(Above) front view of the specimen; (below) section through the 
“overheated area. 


bending. The specimen was vibrated at its natural 
frequency by means of electromagnets acting at both 
ends of the specimen. The latter was supported at the 
nodes. Under these circumstances the bending moment 
exhibited a flat maximum (no shearing stress) in the 
center. 

The machine was tuned to the natural frequency of 
the specimens by means of an oscillating electrical cir- 
cuit, and the amplitude was brought up to the desired 
value by increasing the energy input of this circuit. 

The number of cycles was recorded. The machine 
stopped automatically, whenever the specimen was out of 
tune, as a rule at the appearance of the first crack. Four 
stress-free specimens and three specimens containing 
residual stress were tested. After having established 
the fatigue limit of stress-free specimens, the three 
specimens containing residual stress were vibrated as 
follows: 

C4 below and at, Al at and slightly above, and A3 
at and well above the determined fatigue limit. The 
tests were interrupted after various periods of time to 
investigate the behavior of the residual stress under 
fatigue. 
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Results 


The results of fatigue tests are summarized in Table 3 
and are plotted in the usual way, namely, stress versus 
log number of cycles, in Fig. 20. The full line drawn in 
this figure refers to the probable fatigue limit of the 
stress-free specimens. The dotted lines connect results 
obtained with the same specimen when tested at a lower 
and higher stress. 

Based on the three first results in Table 3, fatigue limit 
of the stress-free material at 10 million cycles falls be- 
tween 33,000 and 35,000 psi., average 34,000 psi. As the 
failure of the two first specimens occurred at the edge, a 
fourth specimen, A5, was tested at 36,000 psi. with edges 
rounded up on an emery belt. As seen from Table 3 
this time no failure ensued. 

The behavior of specimens Al and A3 containing re- 
sidual stress, the former with rounded edges, was similar 
to that of stress-free specimens. Specimen A3 under 
32,000 psi. and specimen Al under 33,000 psi. disclosed 
no failure. When retested at a higher stress, specimen 
Al withstood a stress of 36,000 psi. still without failure, 
whereas specimen A3 broke at 39,000 psi. after 860,000 
cycles. The crack started in the middle of the face, 
*/1s in. above the center of the heated spot. 

Unlike the specimens Al and A3, specimen C4 con- 
taining also residual stress failed under 31,000 psi. 
after having withstood a stress of 19,100 psi. for more 
than 5 million cycles. It will, however, be remembered 
that this specimen possessed an overheated structure 
slightly above the section where the residual stresses 
were at maximum. Indeed, the failure occurred '/, in. 
above the center of the heated spot, in the very coarse- 
grained overheated area, Fig. 21 and Fig. 2. The first 
crack originated after 1 million cycles, another appeared 
on the same face after a few additional cycles, and almost 
simultaneously a third one on the opposite side, all of 
them in the same coarse-grained overheated area and 
outside of the region of high residual stress. The speci- 
men was therefore discarded when considering the be- 
havior of the base metal itself. As to the behavior of 
the residual stress in fatigue, Table 4 shows that after 
vibrating for periods as long as 10 million cycles the relief 

of the residual stress is no greater than after one cycle 
or the first few cycles. However, as soon as the first 
crack was started, a marked decrease of residual stress 
was observed, even on the face opposite to the crack. 


Discussion of the Results 


Influence of Repeated Loading on the Residual Stress. — 
According to the results, Table 4, the X-ray diffraction 
method failed to disclose any influence of the repeated 
loading on the relief of the residual stress. The redis- 
tribution of the stress accomplished after the first cycle 
seems to undergo no further change no matter how often 
the same cycle is repeated, even if the applied load is 
close to the fatigue limit of the specimen. The behavior 
of the residual stress at a load which would fracture the 


Table 4—Behavior of the Residual Stress in Fatigue 


Stress, Relief of the 
Specimen Psi. Cycles Residual Stress Remarks 

C4 19,100 18,900 None ae 
19,100 5,000,000 None No failure 
31,000 1,000,000 35% First crack in the 

middle 

A3 32,000 1,000,000 

32,000 4,000,000 None Rae 
10,000,000 None No failure 

39,000 860,000 Almost 100% Large crack in 


the middle 


partial fulfillment of the requirements for a Master of Science degree. 
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Table 5—Results of Impact Test Specimens of Modi 


ified 
Charpy Type: 6.00 x 0.984 x 0.360-In. Keyhole Notch. 
"Biam. = 0.0788 In., Depth = 0.89 In. 


Residual Stress at Energy 
Bottom of Notch, of Rupture in Impact 
Specimen Psi. Tests — Foot X Pounds 

Bl None 103 

B2 None 103 

B3 None 103 

B4 None 103 

B5* — 58000 100 

B6* Not measured 100 

B7 —35000 93 

B8& — 22000 90 

B9 — 49000 87 

B10 — 63500 93 

Bll +61000 100 

B12 + 53000 95 

B13 +70000 92 

B14 +61000 92 

B15 +75000 90 


* Stresses induced thermally. 


specimen in fatigue was not investigated systematically, 
There is, however, an indication in the results that the 
X-ray diffraction method, as actually employed, would 
not reveal a marked change of the residual stress until 
the first crack has developed. 

Influence of the Residual Stress on the Base Metal.— 
The small number of tests precludes any definite con- 
clusion. Safely interpreted, the results, Table 3 and 
Fig. 20, point merely to the fact that the particular 
state of residual stress involved has no significant in- 
fluence on the fatigue limit of the tested specimens. A 
more general conclusion may be drawn when the condi- 
tions of tests are closer examined. 

If a fatigue ratio of 0.5 is accepted as indicative of the 
intrinsic fatigue limit of the material used,° then a rather 
conservative estimate would place the obtained fatigue 
limit at about 95% of the intrinsic fatigue limit of the 
thaterial. The decrease of 5% would account for a possi- 
ble notch effect due to surface preparation.’ Within 
this range a state of residual stress which is a biaxial 
tension as high as the yield point of the material seems 
to be of little influence on the fatigue behavior of mild 
steel. 


A more detailed discussion of this point will be found 
later. 


Dynamic (Impact) Tests* 


The impact tests had only a limited scope. At the 
outset it was obvious that whatever the amount of re- 
sidual stress, the residual elastic energy stored in a duc- 
tile material would be negligible compared to the plastic 
energy developed in an impact test. But the impact 
resistance does depend on the notch effect. The problem 
was to investigate whether the notch sensitivity could be 
influenced by the presence of a residual stress. 

The characteristics of the material used for these tests 
were given in Table 1. The usual dimensions of the 
Charpy impact specimen were modified, as reported 
previously, to best suit the techniques of production 
and measurement of residual stress. It appeared that 
local heating could develop only compressive residual 
stresses of some magnitude at the bottom of the notch 
To develop high residual tensile or compressive stresses 
at the bottom of the notch, the latter was cold worked 


* Abstracted from a work done in the X-ray Laboratory of the Depart- 
ment of Metallurgy, M. I. T., by Lt. R. W. Curtis and Lt. I. V. Chase in 
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in compression or tension, respectively, by permanently 
closing or opening the keyhole.‘ 

Stress-free specimens and specimens containing resid- 
ual stress of both signs were broken in the Charpy im- 
pact machine. The results gathered in Table 5 show a 
high degree of consistency of the stress-free specimens. 
Specimens containing residual stress developed by means 
of cold work are in general 5% weaker. This is so be- 
cause of the cold work effect and not because of the 
presence of residual stress. For, would that be otherwise, 
compressive residual stress should give different values 
from the tensile ones. Since the cold work effect over- 
shadows the effect of residual stress, the latter must be 
considerably smaller than 5%. 

In conclusion, the presence of high residual stress at 
the bottom of a notch does not modify the notch sensi- 
tivity of a ductile material in an impact test. 


The Relief of Residual Stress by Working Stress 


The results previously reported show that without plas- 
tic flow there is no change in residual stress. In other 
words, to relieve the residual stress a condition must be 
set up to promote a plastic flow under the combined 
effect of working and residual stresses. Since the latter 
seemingly remains unchanged after unloading,’ this 
condition can be easily determined from the available ex- 
perimental data, wherever the stress/strain relation has 
departed from Hooke’s law. 

There are today two accepted criteria for determining 
the condition of plastic flow. One of them is based on 
the maximum shearing stress, the other on the so-called 
maximum distortion energy.‘ 

If the state of stress under review is a biaxial tension 
or compression, the first criterion merely states that the 
sum of working and longitudinal residual stresses cannot 
exceed the yield point of the material, either in tension 
or compression. Under the same conditions the criteria 
of maximum distortion energy take also into account the 
transverse stress at the spot considered. More generally, 
if S, is the sum of principal longitudinal and S, the sum 
of principal transverse working and residual stresses 
under review (tension being positive and compression 
negative), then the second criterion of plastic flow requires 
that S.V1 + a* — a = yield point of the material, 
where a = S,/S,. 

In Table 6 are gathered the working stresses and corre- 
sponding residual stresses found after unloading. The 
values of residual stresses entered in this table were 
taken from diagrams, Figs. 13, 17, 18 and 19, and are 
such as to give the maxima values for the above criteria. 

Considering the probable error of measurement ( + 2300 
psi. for the first criteria and about 1.70 times this value 
for the second criteria), figures computed in Table 6 
seem to be in better agreement with the maximum dis- 
tortion-energy theory.* 

However, in so far as the biaxial state of stress is con- 
cerned, the discrepancy between the two criteria can 
never exceed 15%.‘ Therefore, the following tentative 
rule may be set forth for practical purposes: 

When a working stress, static or repeated tension and 
bending, is superimposed upon a residual stress produced 
in a mild steel, the residual stress will be reduced to a 
value equal to or lower than: 1.15 X yield point of the 
material — working stress, provided the state of stress 
involved is no higher than a biaxial one. The reduction 
will be especially great, if transverse and longitudinal 
stresses are of opposite sign. 

. The computation is based on the assumption that longitudinal and trans 
verse residual stresses measured in the section passing through the center of 


the heated spot are principal stresses. This seems reasonable on account of 
symmetry 


Table 6—Relief of the Residual Stress by Working Stress in 
Tension, and Direct and Reverse Bending 


Yield Point in Tension 
Computed with 
Max. Distortion 
Working Stress Residual Stress Shear Energy 
Longitud. Transverse Longitud. Transverse Criterion Criterion 


Specimen C5 in Tension 
(Yield Point: 32,000) 


1,400 0 27,000 27,500 28,400 28,000 
2,700 0 23,000 22,000 30,200 28,000 
16,000 0 21,000 25,000 37,000 32,700 
29,500 0 5,500 15,000 34,500 30,000 


Specimen C4 in Reverse Bending 
Yield Point: (softening of the heated zone) 


19,100 3500* 28,400 26,200 47,500 42,000 
— 19,100 0 — 21,000 0 40,000 40,000 
32,000 4500* 20,500 26,200 52,000 45,500 
— 32,000 0 — 12,500 0 44,500 44,000 


Specimen Al in Reverse Bending 
Yield Point: 60,500 


10,000 0 51,000 54,000 61,000 57,500 
20,000 0 41,000 49,000 61,000 56,000 
— 30,000 0 — 19,400 11,200 60,600 56,500 


Direct Bending 


— 31,000 0 — 20,000 15,500 66,000 60,000 


Specimen A3 in Reverse Bending 
Yield Point: 60,500 
32,000 4800* 35,000 41,000 67,000 58,700 
— 32,000 0 — 18,000 14,000 64,000 58,300 


* Transverse stress due to increase of rigidity in the middle of 
the specimen. 


The Influence of the Residual Stress on Fatigue 


It has been stated previously that our experiments 
failed to disclose any influence of residual stress on fatigue, 
but the number of specimens was too small to warrant 
a definite conclusion. It is, therefore, of interest to find 
out whether a more extensive research along the same 
line is likely to bring about a different conclusion. 
To this end the behavior in fatigue will be discussed 
along with the process of stress relieving considered in 
the previous chapter. 

Since residual stress is equivalent to a static preload- 
ing, the well-known Goodman diagram, recommended 
by Committee F,* will be employed to depict the be- 
havior in fatigue of a given material when subjected to 
the combined action of reverse bending and residual 
stress, Fig. 22. 

It will be recalled that the Goodman diagram repre- 
sents a plot of fatigue limits A’A, B’B, O'O, C’C, ete., 
in ordinate corresponding to the lowest value of stress 
O'A’, O'B’, zero, O'C’, etc., in abscissa from which the 
specimen is vibrated. According to this representation 
the point A refers to a pure reversal with no static pre- 
loading and, if a line is drawn at 45° to the axis, line 
A"0O’'C", the portion of ordinate comprised between this 
line and ABOC, etc., represents the safe range of vibra- 
tion under given static preloading in tension. Usually 
the slope of the line ABOC, as given by the tangent of 
the angle NAC is smaller than unity; therefore, pre- 
loading in tension will, as a rule, make the safe range of 
vibration smaller.t More specifically, if the full range 
of reverse bending A”A is maintained while the specimen 
is preloaded in tension, the specimen will fail after a 
number of cycles considerably smaller than that used for 


t The opposite is true when preloading in compression 
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Fig. 22—Goodman’'s Diagram of the Behavior of Specimen in 
Fatigue 


the determination of the fatigue limit. However, this 
conclusion only holds when both static and fatigue loads 
act in the same direction and when there is no stress in 
transverse direction. 

What happens when the specimen is also preloaded in 
a transverse direction as it is when subjected to residual 
stress, is still a matter of preliminary investigation.’ 
There is, however, a great deal of evidence’ to the effect 
that the behavior of the specimen in fatigue may be pre- 
dicted by applying the same distortion energy criterion 
that was so successfully used previously in predicting 
the amount of residual stress relieved under external 
load. 

When combining this information with the one se- 
cured by the process of stress relieving, it will be found 
(Appendix 1) that in all likelihood the residual stress will 
be of little influence on the fatigue of specimens if the 
fatigue limit in pure reversal is higher than 0.6 yield point. 

This value is likely to be exceeded in most of the speci- 
mens of rolled steel, normalized as well as treated, when 
tested without notches. On the other hand, it is well 
known that superficial notches, especially caused by 
welding, substantially decrease the apparent fatigue 
limit.* It is hard to predict the effect of a notch on the 
yield point, but this information may be secured in- 
directly when studying the process of stress relieving in 
notched specimens containing residual stress. 

Thus, an investigation seems desirable on the behavior 
in fatigue of notched specimens containing a known 
amount of residual stress. 


Conclusions 


The results obtained in the present research must be 
regarded as preliminary. They apply to a particular 
condition of testing in which the production of residual 
stress is associated with neither structural nor shape 
change of the specimen. This technique was thought 
necessary in order to bring out the true role of the 
residual stress, and it was made possible by the use of the 
non-destructive X-ray diffraction method for measuring 
the residual stress. 

In this way it was possible to disclose the predominant 


* The apparent fatigue limit is the one computed without considering the 
stress-raising effect of the notch. 
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influence of plastic flow in the behavior of materia). 
containing residual stresses when subjected to working 
conditions. It was found that the residual stress¢és were 
relieved by plastic flow to the amount predicted by the 
so-called “‘distortion energy’’ criterion, and it appeared 
that in this amount they would not influence the static 
dynamic (impact) and fatigue resistance of the materia} 

This conclusion does not apply directly to a welded 
structure, as in the latter the tendency for plastic flow 
may be restricted by notches, inhomogeneity and possi- 
bly a more complicated state of residual stress than the 
one investigated. A closer approach to actual welding 
practice is therefore necessary to draw a more definite 
conclusion. This involves specifically an investigation 
of the behavior of residual stress under various situations 
of restricted plastic flow. However, the information ob- 
tained in the present research obviously is a prerequisite 
for such an investigation. 
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Appendix 1 


Influence of the Residual Stress on the Fatigue in 
Reverse Bending 


Suppose first, for the sake of simplicity, the residual! 
stress acts only in the direction of the applied variable 
load. Then, the residual stress is a static preloading of a 
known value Sr and its influence may be predicted readily 
from Goodman’s diagram alone. 
To this end consider the triangle NAC, Fig. 22, and 
put: 
A’A = O’A’ = S_, = fatigue limit in pure reversal 
O’C’ = S, = lower limit of vibration with the static 
preloading S, 

C’C = Sy = upper limit of vibration with the static 
préloading S, 

tg NAC = m = slope of Goodman’s diagram 

It will be realized that 


= (1) 


On the other hand: 
Sy = + (S-1 + (2) 
Substituting in (2) the value of S, taken from (1) 


2m Mo 
Sy S-1 + (4) 


In this equation the static preloading S, admittedly has 
only one component, namely, the one oriented longitu- 
dinally, in the same direction as S_;. But in the case of 
residual stress there will be generally two components of 
S acting on the surface of specimen: S,, , in the longitu- 
dinal direction and S,,, in the transverse direction. 
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Both will have an influence on the fatigue limit of the 
specimen. 

According to the available information® this influence 
seems to be best accounted for when assuming that the 
distortion energy developed by the amount of stress 
present at the fatigue limit is in the same relation to dis- 
tortion energies developed by residual stress and reverse 
bending, as Sy is to S, and S_, in equation (4). 

Assuming, furthermore, S,, and S,,, are the prin- 
cipal stresses of the state considered, the problem con- 
sists in evaluating the maximum amount of stress S, 
acting at the fatigue limit in the direction x along with a 
known residual stress S, , in the direction y. The dis- 
tortion energy criterion gives the following relation for the 
computation of S,;* 


The actual maximum stress acting in the direction x 
under the combined effect of reverse bending and residual 
stress is S,,, + S_,, and according to the distortion 
energy criterion it will be without influence on fatigue, if 
V(S,, « + S 1)? (S,, z + S 1)S,. 
+S. ©) 
or combining (6) and (5): 
S. 1 + mV S,. + 2 
V(S,.2 + S-1)? — + (6) 
But the values of S,,, and S,,, cannot be chosen arbi- 
trarily. If Y represents the yield point of the material, 
the stress-relief process sets up the following condition 
for S,,, and S,,,: 
V(S,,2 + S-1)? — + Y (7) 
This condition combined with condition (6’) will deter- 
mine whether a given amount of residual stress acting in 
transverse direction is likely to influence the fatigue re- 
sistance of a given type of specimen in reverse bending. 
For brevity put: 


Mo (S) 
S,,2/Y= x S..o/¥ = y 


Then, assuming the limiting values of x and y as given 
by (7) and combining (7) and (6’) we get: 


x? — xy + y? > B? (9) 
and 
(x + A)? —(x+A)ly+y?=1 (10) 
With a given set of values for A and B, the limiting values 
of x and y are determined by the intersection of two fami- 
lies of ellipses as shown in diagram, Fig. 23. 

This diagram is used in the following way: 

Suppose it is desired to determine whether a residual 
stress S,, = —0.47Y will produce a failure in a speci- 
men vibrated at its fatigue limit S_, = 0.6Y in reverse 
bending. 

From diagram, Fig. 23, it is seen that for A = S_,/Y = 
0.6 and y = S,,,/Y = —0.47, the value of S,, = 


0.08Y and B = 0.52, hence my = Smogon 0.5 = 0.77 and 


0.52 

m = mo/(2 — mo) & 0.60. For the sake of safety this 
value of m must be at least equal to the one secured by 
Goodman’s diagram when vibrating from S, = S,,., — 
S_; = —0.52Y to Sy, = 0.68Y. More generally, sup- 
pose m = 0.6 is an average value of Goodman’s diagram 
in the region where Sy < Y. Then for the sake of safety 


the values of x and y must lie outside of the shaded area, 
Fig. 23. On the other hand, x and y are limited by the 
values of the ratio A = S_,/Y; hence, as follows from 
diagram, Fig. 23, the factor of safety is decreased when 
this ratio becomes smaller. 

Now, a specimen of rolled steel without notches and 
superficial irregularities will possess a fatigue limit in 
reversed bending nearly equal to half of the tensile 
strength of the material. Therefore, the most unfavor- 
able condition for such a specimen will occur when its 
yield point is close to the tensile strength. 

In our experiments the yield point of the material was 
as high as 0.83 tensile strength, and S_,/ Y as low as 0.55, 
yet the residual stress was without influence on fatigue. 
When plotting the values of residual stress corresponding 
to specimens Al and A3, points M and N, Fig. 23, it is 
seen that this is due to a high ratio of Y/X = S,,,/S,., 
which places the points M and JN in the safe region of the 
diagram. Low ratios of S,,/S,,, are, however, un- 
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Fig. 23—Diagrammatic Representation of the Safe Range of 

Residual Stress When Submitting a Specimen to Fatigue in 

Reverse Bending, According to the “Distortion Energy’ 
Criterion 


x= Sis/Y, y = 
—A (1 A)2m 


A=5./Y, B= — +- m) 


where 
Y = yield point in static tension 
S_1, = fatigue limit in reversed bending 
m = mo/(2 — m) = slope of Goodman's diagram 
S,.¢ and $,,, = longitudinal residual stress, respectively, trans- 
verse 
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Fig. 24—-Residual Tension Stress Revealed by Cracks in the 
Stress Coat Covering the Face of the Specimen 


likely to occur in a biaxial state of residual tension, since 
a process of stress relief caused by a longitudinal stress 
will affect the longitudinal residual stress more than the 
transverse one. 


The situation seems to be more serious when S 


is a residual compression, Fig. 23. However. high resid- 


ual compression in transverse direction involves small 
values of S, , because of the process of stress relief; 
consequently, only insignificant variation of the safe 
range in Goodman's diagram can be expected. To make 
the condition worse, consider now the case A = S_,/Y = 
0.6 and S,, = 0. Then, Fig. 23, the highest possible 
values of S, . is O.4Y. 

The safe range of vibration according to Goodman's 
diagram, Fig. 22, and equation (1) is then 


— m)S,, 


Weldability 


instead of 2S_;. This is equivalent to a decrease of the 
fatigue range = 


2X 1.5 — (1 — m) 
or 15% with the average value of m = 0.6. As a rule 


the decrease of fatigue range caused in structural eng; 
neering, especially in welding, by superficial irregularities 
and notches will be well below this value. But, whether 
or not, in this case, the effect of residual stress will be 
superimposed upon the notch effect is still unknown and 
needs further investigation. 


Appendix 2 


Detection of Region of High Residual Stress by 
Means of Stress-Coat 


As a means of obtaining additional information about 
the regions of high residual stress, we have applied the 
Stress-Coat method of Prof. A. V. de Forest. The flat 
bar specimen containing residual stresses was coated with 
Stress-Coat, a brittle varnish, and was uniformly loaded 
over a considerable area. The location and extent of the 
high residual stress is revealed by the starting and 
spreading of cracks in the coating over the regions of 
high stress. 

Figure 24 shows the effect of local heating of a */,-in. 
diam. area in a 3-in. wide flat bar of mild steel. 

This pattern is in entire agreement with the distribu. 
tion of residual stresses found by the X-ray method. 
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Tests of Carbon-Manganese 


Steels 


Discussion by A. P. Edson’ 


HE authors of this paper have presented a valu- 
able correlation of laboratory tests for the weld- 
ability of a number of steels of known chemical 
composition. However, it would seem possible that Dr. 
Grossman's hardenability equation may not provide the 


* Paper by C. E. Jackson, M. A. Pugacz and G. G. Luther, published in 
Supplement to Oct. 1942 JourRNAL 
International Nickel Co., Research Laboratory, Bayonne, N. J. 
> “Weld Hardening & Steel Composition,”’ Metals & Alloys, (June 1942). 


best basis for relating the results of weldability tests to 
the compositions of the steels welded. 

We have for some time been actively interested in the 
hardening of welded alloy steels, and have been particu 
larly concerned with the problem of predicting maxi 
mum hardness from chemical composition. In a recent 
paper{ we presented an empirical formula by means of 
which the maximum hardness under the bead in stee! 
arc welded under fixed constant conditions may be ac 
curately calculated from chemical composition. W<é« 
believe that this formula provides a better basis for cor 
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relating composition with the results of weld hardening 
tests than does the computed ideal critical diameter. 
Hardness values calculated by means of this equation 
for the compositions reported by Messrs. Jackson, 
Pugacz and Luther in their paper agree with the observed 
yalues to within an average deviation of about + 10%. 
This would seem to represent acceptable agreement, in 
view of the existence of some difference in welding condi- 
tions from those for which the equation was derived. 

As shown in Fig. A, a rather good correlation is found 
to exist between the angle of bend at maximum load in 
the weld-bead V-notch slow bend test and the hardness 
values calculated from composition by means of our 
equation. It is readily apparent that the scatter of the 
points in this figure is less than in the authors’ Fig. 5, in 
which the angle of bend is plotted against calculated ideal 
critical diameter. 

There are several fundamental differences between the 
formula for the calculation of maximum weld zone hard- 
ness and Dr. Grossman's hardenability formula. Unlike 
the factorial expression for ideal critical diameter, the 
equation for maximum hardness is exponential and con- 
tains no factor for grain size or for silicon content over 
the normal range. These differences make the hardness 
equation somewhat simpler to use, and obviate the ne- 
cessity of microscopic examination of a preliminary 
welding test for determination of transition zone grain 
size. 

The weld-zone hardness equation to which reference 
has been made is: 


logo VHN = 1.957 + 1.141 XK % C+ 0.193 % Mn + 
0.086 X % Ni + 0.160 KX % Cr + 0.363 K % Mo + 
0.180 X %V + 0.030 K % Cu 

The conditions to which it applies are detailed in the 
original paper in Metals & Alloys. 
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CALCULATED WAximuM WELD-ZONE HARDNESS - VHN 


Fig. A--Relation of Angle in Degrees at,Maximum Load to Calcu- 
lated Maximum Weld-Zone Hardness 


survey of Arc-Welding Practice in the 
Aircraft Industry 


By Maurice Nelles'’ 


HIS paper is a summary of a survey made in the 

summer of 1942 in order to determine the present 

practices used in arc welding in the aircraft in- 
dustry. The completed survey will be used as a basis 
for further research on arc welding and will also be used 
to acquaint those not now using are welding with the 
present state of the art or practice. 

The survey was made under the auspices of the En- 
gineering Foundation utilizing the facilities of the Aero- 
nautical Chamber of Commerce. The survey was made 
with the stipulation that the source of each fact would not 
be disclosed. However, each source of information is 
notified which data are theirs so that they can be com- 
pared with the rest of the industry. The survey covers 
most of the large aircraft companies and several of the 
smaller concerns. 


15. peated at the Annual Meeting, A.W.S., Cleveland, Ohio, Oct. 12 to 
4 

t Chairman, Western Aircraft Welding Committee; Senior Research Engi- 
neer, Lockheed Aircraft Corporation. 


The most obvious interesting observation is that there 
are several important subcontractors who do not use are 
welding in the construction of aircraft. Their welding 
has been limited to gas welding. In each case, however, 
considerable interest was expressed in the process, and 
additional information was desired. It was also shown 
that additional assemblies could be are welded if some 
one could be convinced that it was expedient to change to 
the arc-welding process. 


Equipment 


Almost all common brands of welding machines are 
used. All machines in use by the companies covered 
by this survey are portable with the exception of hydro- 
gen arc welders. It was interesting to note that almost 
as many machines are used in jig building as are used for 
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producing aircraft parts. Most of the fabricators use 
d.-c. machines, but the users of a.-c. machines are very 
enthusiastic about them. 

The results of the survey indicate the welding machines 
are usually used over twenty hours per day and are ex- 
ceptionally reliable. Some of these machines have been 
used for ten years and are still being used over twenty 
hours per day. 

Most of the responses indicated that the machines are 
well adapted to the work that has to be done. However, 
several indicated that they would like the machines to 
cover still lower current ranges. Only a few of the 
machines were used at currents over 150 amp. In the 
comprehensive report of this survey it is planned to show 
statistical data on currents used. Some responses indi- 
cated a ‘“‘hotter’’ start was desirable. 

If a special aircraft arc welder were to be available, it 
was the consensus that it should be d.-c., 10-200 amp., 
30-65 v., portable. It should have accurate current 
control with remote control, should be simple, easy 
striking and have good arc characteristics when using 
'/g-in. electrodes and up. It is felt that some machines 
on the market are satisfactory in most respects. 

One type electrode holders are used by most of those 
responding. Two use their own design, one of which is 
used in connection with an inert gas atmosphere. 

Only one user of crater-eliminating equipment re- 
sponded, and they found it valuable for light work. It 
was pointed out by several that if the operator were 
skilled at all, he did not need a crater eliminator. It was 
not felt that crater eliminators were desirable as standard 
equipment. 

With a single exception, the type, length, position, etc., 
of welding cables had been given special attention. The 
cables on the market are satisfactory, although some 
welding machines have too heavy cable. The cable 
should be just long enough to cover the work. Usually 
the same type of cable is used to the ground as to the 
electrode. e ground connections are usually made 
with clamps or bolts, mostly with clamps. 


Materials 


It was found that are welding is used on 1010, 1020, 
4130, X4130, 4140, 302, 321, 347, Inconel and magne- 
sium. The thickness of plain carbon and X4130 steel 
sheet ranged from 0.032 to 0.500 in. Stainless steels 
were usually less than 0.081, and Inconel 0.050 or less. 
Tubing ranged from '/, x 0.058 in. to 3 x 0.375 in. The 
materials seldom were heat treated before welding, but 
were welded in the annealed or normalized condition. 
When heat-treated material was welded, it was usually 
treated to 150,000 psi. 

Electrodes.—A wide variety of electrode brands are 
used with two sharing top honors for quantity. Most 
electrodes were used with straight polarity. The most 
serious problem with respect to electrodes is the prob- 
lem of waste of unused electrode. The waste varied 
from 8 to 50% with a probable average of about 25%. 
A study of the answers indicated that the following 
lengths would probably be optimum when conductivity, 
strength, etc., are considered. 


Electrode Diam., In. Electrode Length, In. 


oes 


WELDING RESEARCH SUPPLEMENT 


The electrode coatings were reported not to be suff. 
ciently uniform, particularly from a position of the roq 
in the coating standpoint. No respondents used bare 
electrodes in aircraft structural welding, but some useq 
them for tacking. However, if bare electrodes are useq 
with an atmosphere of helium, they are reported to work 
very satisfactorily. 


Special Techniques 


Several special techniques used by some of the re- 
spondents are of interest. One company has graphic 
illustrations which are used to indicate to the welder 
what sequence is to be followed. One company puts this 
designation on the drawing. One company backs up 
light gage stainless steel with copper when arc welding. 
One company always preheats forgings to 300° F. before 
welding them. By welding light gage tubing vertically 
from the top down, penetration can be minimized. 


Electrode Designation 


It was unanimous that designations for electrodes 
should be standardized. This should include rod 
material, coating, diameter and length. Several sug- 
gested that a color code be used. It is understood that 
N.E.M.A. has considered the welding electrode designa- 
tion problem. 


Arc-Welded Assemblies 


The assemblies most frequently arc welded are motor 
mounts, fuselage frames, landing gear, shock struts and 
exhaust manifolds. Other parts include nipple as- 
semblies, control levers, pitot mast tubes, control parts, 
ammunition box rollers, seats, rudder control torque 
tube, etc. Usually, all the welding is arc, but sometimes 
some gas welding is used on the same assembly. Thi 
maximum number of tubes recommended for a joint is 
probably six, although two companies indicated no 
limit. The wall thickness of the tubing does not affect 
the number of tubes allowed in a joint. Some feel that 
gussets should not be used extensively, while others fee! 
they should be. Strap gussets are used for strength 
under vibration and box gussets for stiffening. 

It is common practice to weld forgings directly to 
tubing, although some do not do it. 

On the whole, about 50% of the welded assemblies 
are ar¢ welded. Usually time and cost studies deter- 
mine whether or not an assembly will be are welded 
Occasionally it is felt that gas welding is superior on 
certain small assemblies. However, as a rule, the En 
gineering Department or Welding Department makes 
the final decision. 

The job type of production method is usually used, 
but when there are enough of the same part to be made, 
a line type method is used. One company uses con 
veyors. Most companies have production schedules to 
meet, and some have various aspects of the work planned 
before the job is started. Several conduct time and 
motion studies before starting the project. 


Fixtures and Jigs 


The industry is apparently equipped with wel! 
designed jigs and fixtures. The work is very accessible 
Work is usually positioned in the fixture by means 0! 


clamps, but some use screws and one uses pins. The 
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welding fixtures are usually designed so that the welding 
will be done in a horizontal plane. Small fixtures are 
ysually not as accessible as large fixtures. 


Symbols 


This survey indicates that the industry is satisfied 
with the A.W.S. welding symbols. 


Processing 


The cleanliness of the metal prior to welding is con- 
sidered important. Scale, grease and other metal such 
as zinc or bronze are considered particularly bad. Some 
companies employ vapor degreasers or alkaline cleaners 
followed by pickling. Some use a grit blast or wire 
brushing. 

It was felt that preheating of X4130 was very desirable. 
Preheating is also desirable when parts to be joined have 
a large difference in heat capacity. The preheating 
operation is made to prevent cracking and in one com- 
pany more parts are preheated in the winter than in the 
summer. Preheating temperatures vary from 200 to 
800° F. Only one company uses lead or solder pencils 
to determine the temperature. Others estimate the 
temperature by the time the heat has been applied or by 
the color of the metal. Most companies use ordinary 
gas heating, but some companies use hydrogen. Usually 
the welding supervisor determines which parts will be 
preheated. 

After welding, the parts are usually cleaned by chip- 
ping or brushing by the welder’s helper, or the parts are 
grit blasted. 

The interior of the tubes are usually protected from 
corrosion by flushing them with oil. Usually linseed 
oil is used, but new rust-preventing type oils are also 
used. 


Heat Treatment 


Some companies heat treat large assemblies such as 
motor mounts after welding, while other companies 
heat treat relatively small parts only such as fittings. 
Heat treatment usually consists of quenching in oil from 
1600° F. after holding the items at that temperature for 
one hour for each square inch of cross section. This is 
followed by a draw to reduce the metal to the desired 
hardness. 


Straightening of Welded Structures 


Small assemblies which are subsequently machined 
are usually checked for accuracy with surface gages and 
plates, or with checking gages or jigs. In order to meet 
design tolerances most fabricators use presses or ham- 
mers such as rubber mallets. Large assemblies are al- 
most invariably checked in jigs and checking gages and 
straightened with a torch or hand press. 


Testing 


Most companies test a sample of the welded structures 
before starting production on the assembly. Usually 
the test consists of proof loading, but some companies 


AIRCRAFT WELDING 


also test the structure by repeated loading. After pro- 
duction is under way, testing is conducted only occasion- 
ally and on random parts. About half the companies 
reported that the failures occurred in the stock and the 
others in the welds. 


Inspection 


Most respondents agreed inspection should take place 
during the welding operation for the most part, but some 
should be inspected after completion. Only minor over- 
lap or undercut is acceptable, and it was felt that the 
appearance of the bead was indicative of the skill of the 
operator which in turn reflects the quality of the weld. 

If small defects are found by inspection after com- 
pletion of the welding operation, they are usually re- 
moved by grinding and repaired. Cracks are usually 
found to be the major cause of rejection. 

Magnetic inspection is considered a good inspection 
method, but must be interpreted carefully and .may 
often be misinterpreted; for instance, hardened areas 
may show up as inclusions. One indicated that it was 
felt that the use of air pressure was more desirable. 
X-ray inspection is used only occasionally by any com- 
pany answering the questionnaire. 


Welder’s Qualification Tests 


Most answers indicated that, in general, the Air Corps 
test is satisfactory. The chief criticism seems to be that 
production welds should be more glosely simulated, and 
several companies use an additional test which simulates 
production more closely. It was also suggested that a 
system of grading welds be established. One company 
indicated welders for non-structural parts probably need 
not be required to pass the Army tests. 

The six months’ period for testing was considered 
satisfactory by all except one respondent, who suggested 
that if a welder had been working continuously on weld- 
ing, the test should be omitted. 


Suggested Research Projects 


It was suggested that research be conducted on the 
following subjects: 


1. Methods of Controlling Rate of Metal Transfer 
in the Arc. 

2. Methods of Supplying Electrode Material to the 
Are. 

3. Effects of Small Amounts of Alloying Elements 

on Welds. 

A.-C. Welding Methods. 

Welding of Substitute Steels. 

Welding on Controlled Atmospheres. 

Welding of Beryllium-Copper Alloys. 


“10 


Some of these are now being investigated. 


Conclusion 


Data which have just been presented are preliminary 
and summary. It is planned to have a detailed report 
available in a short time. 
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Weldability of NE 8630 Steel for Air. 


craft Structures and a Suggested 


Specification for Weld Metals 


LTHOUGH low-alloy steels of several composi- 
tions have been suggested as substitutes for the 
S.A.E. X4130 steel used in aircraft tubing, the 
one that apparently has received the greatest degree of 
acceptability from the standpoint of alloy content, 
physical properties and weldability has been the NE 
8630 steel. The nominal composition of this steel is 
0.30% carbon, 0.50% chromium, 0.50% nickel and 0.20% 
molybdenum. Its metallurgical properties have been 
described elsewhere, but its characteristics in respect to 
welding have not been reported. It is the purpose of the 
present paper to describe the gas welding characteristics 
of NE 8630 steel in sheet form and to propose a general 
method for specifying the minimum properties of welds 
in aircraft tubing. 

As it was not possible to procure commercially proc- 
essed tubing or sheet of the desired thickness and size 
ranges in the NE 8630 steel, all the tests of this investi- 
gation were made in sheet that had been rolled from 
1'/s-in. diameter bars. Every care was taken in the 
rolling and processing practice to assure that this steel 
would conform as closely as possible with the character- 
istics of commercially processed sheet, and it is believed 
that this conformity was close. All the sheets were hot- 
rolled to the desired thickness and then normalized at 
1625° F. for 15 min. followed by air cooling. This 
normalizing was done in a non-oxidizing atmosphere 
electric furnace. The compositions of the heat used for 
these tests and the X4130 tubing used for comparative 
purposes were as follows: 


(Resid 
Steel %C%Mn %S %Cr %Mo ual) 


NE 8630 0.32 0.83 0.016 0.020 0.26 0.49 0.71 0.17 0.14 
X 4130 0.32 0.49 0.016 0.020 0.99 , 0.19 


The nickel content of the NE 8630 steel was slightly 
on the high side but otherwise the composition was con- 
sidered to be satisfactorily representative of the NE 
8630 steels. The X4130 tubing was from regular stock 
material. 

As a consequence of the use of sheet prepared in the 
Laboratories, it should be noted that the test results re- 
ported were obtained with normalized sheet and not on 
cold-drawn tubing which is used extensively in aircraft 
construction. It is believed, however, that in the zone 
adjacent to the weld, the heat accompanying the welding 
completely removes the effect of cold rolling, and that 
the characteristics of the metal in the heat-affected zone 
after welding are practically the same whether the 
original steel was cold-worked or normalized. 

* Presented at the Annual Meeting, A.W.S., Cleveland, Ohio, Oct. 12 to 
15, 1942. 


t Research Metallurgists, Union Carbide and Carbon Research Labora- 
tories. Inc., Niagara Falls, New York 
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By A. R. Lytlet and K. H. Koopmant 


The standard tests for determining the effect of weld. 
ing on aircraft tubes as outlined in various official specifi- 
cations are quite simple but to a great extent they were 
intended to qualify the welder on the basis of types of 
welds that can be satisfactorily made, and are not de- 
signed to give information on the physical characteristics 
of the weld metal and on the base metal as affected by the 
welding operation. As a consequence of this condition, 
there was no basic standard for measuring the weld- 
ability of NE 8630 sheet. Hence, the only criterion avail- 
able was the performance of S.A.E. X4130 material 
under similar conditions. For this work, therefore, the 
NE 8630 steel was compared directly with the S.A.E 
X4130 steel, welds being made under identical conditions. 
It is believed that, although this method was unsatis 
factory to the extent that it provided only relative data, 
it served the purpose for the present investigation. 

Standard fusibility tests were made by progressively 
melting the top surface of a strip of the rolled material. 
The metal was found to melt quietly with the formation 
of very light and fusible slag. The metal melted to form 
a creamy liquid puddle, and froze without sparking or 
effervescing. The welding quality was equal to that of 
the standard S$.A.E. X4130 steel. During the subsequent 
welding tests it was found that the base metal united 
readily with weld metal from welding rods of a wide 
range of compositions, and that in no case did any ob- 
jectionable characteristics develop. This satisfactory 
welding quality was confirmed later on samples of com- 
mercially processed NE 8630 tubing. This tubing was, 
however, of low-carbon content and therefore was not 
suitable for the physical tests. 

As the term weldability embraces physical properties 
of the welded structure as well as behavior during weld- 
ing, it is necessary to consider the hardness, tensile and 
bend properties of welds in a new steel before an accurate 
picture of its weldability can be obtained. 

The hardening of the base metal which results from the 
rapid cooling next to the weld during the welding opera- 
tion is one of the most important factors in aircraft 
steels. In order to obtain as complete information as 
possible with the available material, strips were rolled to 
0.083 in. and 0.049 in. thickness, and welds were made 
between 4-in. square sheets of these materials. No 
clamps or jigs were used during this welding as it was 
desired to determine the response of the metal to the 
welding heat unaffected by extraneous factors. Similar 
specimens were prepared in 0.083-in. and 0.049-in. thick 
S.A.E. X4130 sheet for direct comparison. All the 
sheets of this material also were normalized from 1625 
F. before welding. Aside from the base metal composi- 
tion the only variable that entered into these tests was 
the composition of the welding rods. Three different 
types of rods of the following average compositions were 
used. 
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These rods generally conform to Type C, B and A rods, 
respectively, of the U. S. Navy Specifications. 

On the completion of the welding, the reinforcement 
was ground from the welds, and hardness surveys with 
the Rockwell C Hardness Tester were made across the 
specimens. The results of the surveys are plotted in 
Figs. 1, 2, 3 and 4 and are summarized in Table 1. 
Several important facts are clear from these data. In 
the first place, the maximum hardness of the base metal 
next to the weld is higher in the X4130 steel than in the 
NE 8630 steel. This difference is more accentuated in 
the 0.049-in. thick material than in the 0.083-in. sheet 
and reflects the slightly greater hardenability of the 
X4130 type steel. It is interesting to compare the wide 
range of weld metal hardness values with the welding rod 
compositions. The low carbon rod produced weld metal 
that even after heat treatment did not approach the base 
metal in hardness. In the as-welded condition the low 
carbon alloy rod was somewhat softer than the base 
metal, while the high carbon alloy rod produced weld 
metal with equal or slightly greater hardness. Both 
these weld metals, however, responded very satisfactorily 


LV, 


to the normalizing heat treatment, and a fairly uniform 
condition of hardness existed across these welds. From 
these surveys, therefore, it would seem that the new NE 
8630 steels were slightly less hardenable than the X4130 
steels, but that this difference was only of importance in 
material on the order of 0.049 in. thickness. 

As the determination of weld metal ductility in most 
welding fields has been based to a large extent on the use 
and interpretation of the bend test, and since there is 
little evidence that this method of testing has been 
examined for aircraft welds, a number of welds in this 
investigation were tested in this manner. In the stand- 
ard bend test, the specimen is freely bent transversely 
of the weld, and elongation values across the weld metal 
and adjacent base metal are obtained. However, as the 
thickness of the specimen decreases, difficulties arise in 
confining the bending action to the weld metal. This is 
especially true in the welds in aircraft steels in which the 
base metal next to the weld is hardened to such an extent 
that the normal bend test is very difficult to make and 
does not yield dependable data. However, the bend test 
may be modified for inspection of welds in light-gage 
aircraft tubes by bending the specimen lengthwise rather 
than transversely of the weld. In this preferred manner, 
all the different zones, i.e., the weld metal, the hardened, 
annealed and unaffected base metal zones, are subjected 
equally to the bending conditions, and a proper evalua- 
tion can be obtained of the relative performance of each 
zone. The test, therefore, would seem to be useful to 


Fig. 1—Rockwell C Hardness Surveys of Welded NE 8630 Steel 0.049 In. and 0.083 In. Thick in As-Welded 
Condition 
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Fig. 2—Rockwell C Hardness Surveys of Welded NE 8630 Steel 0.049 In. and 0.083 In. Thick. Heat Treated 


qualify weld metal as well as investigate weldability of 
new base metals. 

In the accompanying photographs are shown a number 
of specimens that have been subjected to these bend 
tests. The performance of some of these specimens was 
very interesting and disclosed pertinent facts in respect 
to the ductility of welds in aircraft steels. 

Figures 5 and 6 show two stages in bend testing of 
welds in 10-gage NE 8630 steel. This is about the 
thinnest material that can be tested in the conventional 
manner, that is, bent transversely of the weld. In pre- 
paring these specimens, the same three welding rods were 
used as reported under the section on hardness surveys, 
and these tests are excellent to demonstrate the physical 
mismatching that may occur when the improper welding 
rods are used. It will be noted that even early in the 
testing, Fig. 5, the distinctive characteristics of the dif- 
ferent welding rods are beginning to be evident. The 
weld with No. 1 rod started bending almost entirely in 
the weld metal; with No. 2 rod the bend across the weld 
zone was about equally shared by weld and base metals 
and with No. 3 rod practically all bending occurred in 
the base metal. Further bending to completion, Fig. 6, 
merely emphasizes these original differences in perform- 
ance. The specimen made with rod No. 1 shows very 
high bend elongation in the weld metal but practically 
no bending in the base metal; the specimen made with 
rod No. 2 shows high bend elongation in the weld metal 
but also equally high elongation in the adjacent base 
metal. On the other hand, the specimen made with rod 
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by Oil Quenching from 850° C. Followed by 1 Hr. at 480° C. 
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No. 3 tested in the as-welded condition, shows practically 
no bending in the weld metal but high elongation in the 
adjacent base metal. Stress relieving at 1200° F. for 
15 min. balanced the two metals in this type of weld so 
that a generally uniform condition developed. These 
tests, therefore, are of assistance in demonstrating the 
relationship that should exist between base and weld 
metals for well-designed welds. 

The bend test specimens shown in Figs. 7 to 13, how- 
ever, are more pertinent to the present investigation be- 
cause they seem to provide a means whereby the effect 
of the hardenability of welds in sheet metal or in aircraft 
tubing may be measured. These bend tests were made 
in the same specimens used for hardness surveys. The 
top surface was polished smooth, with the grinding marks 
lengthwise of the weld. Gage marks 0.10 in. apart were 
placed along a 1-in. length of the weld in the central por- 
tion of the specimen, which was then bent freely in the 
vise, care being taken that the bend occurred within the 
gage marks. Bending was stopped at the first sign of 
failure, if any. It was found later that the per cent 
elongation at the surface as indicated by the separation 
of the gage marks was too small to measure accurately, 
and no records were made of these values. 

There are two approaches to the study of these speci- 
mens; namely, the performance in respect to the base 
metals, and to the weld metals. Considering first the 
relative performances of the two base metals, it is clear 
from the appearance of the specimens that for a given 
thickness,-the welds in NE 8630 sheet bent to a greater 
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Alloy Thickness Rod Weld No. Rockwell C 
8630 0.049 l 36 34-35 
2 38 34-35 
3 34 34-36 
0.083 1 48 34-36 
2 50 35-37 
3 46 34-35 
4130 0.049 1 RQ 48-52 
2 R10 52-53 
3 Ril 50-52 
0.083 2 R13 45-47 
3 R14 43-49 


. Oil quench 850° C. + 1 hr. at 480° C. 


degree before failure than the welds in X4130 sheet. 
This again, as with the hardness differences, was more 
accentuated in the 0.049-in. thick sheet than in the 
heavier material. With one exception, discussed later, 
the welds in 0.049-in. NE 8630 sheet bent almost flat 
without failure, whereas corresponding welds in X4130 
sheet cracked in the base metal at a lower degree of bend. 
The crack which in these instances occurred in the hard- 
ened zone immediately adjacent to the weld was crystal- 
line in appearance, whereas normally the fracture would 
be silky or of the shear type. Figure 11 shows a more 
accentuated case of cracking of the X4130 base metal in 


Table | 


Heat-Treated* 


As-Welded 


Weld Metal, Base Metal, Weld Metal, 


Rockwell C Weld No. Rockwell C Rockwell C 
—4--—14 37 27-29 —18-—20 
31-33 39 30-31 4 
34-41 35 35-38 41-46 
-144 49 30-31 3-7 
33-34 51 29-32 14-16 
37-41 47 26-31 34-35 

—10-+10 9 43-52 —4-+4 
41-42 10 48-51 18-20 
47-49 ll 49-51 34-36 
27-34 13 28-35 12-16 
42-43 14 29-32 33-36 


the hardened zone during the bend testing. In these 
welds the rate of cooling was increased slightly over that 
of the welds shown in Fig. 9 as these welds were made 
while the sheets were held in a jig and as a result the 
hardening was greater. Here the cracking of the base 
metal was clearly crystalline and occurred sharply during 
the testing. These specimens, shown in Fig. 11, prob- 
ably may not represent average welding conditions be- 
cause usually previous welding provides a certain degree 
of preheat or subsequent welding provides some anneal- 
ing, both of which would reduce hardening near the weld. 
These specimens, however, indicate conditions of 
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Fig. 3—Rockwell C Hardness Surveys of Welded S.A.E. X4130 Steel 0.049 In. and 0.083 In. Thick in As- 
Welded Condition 


1943 WELDABILITY OF NE 8630 STEEL 


85-s 


=H 
i 
30 
Je 
ao 
70 08 06 08 
r 4ncA of we/d 
n 
r 


seses 

+ 


08 26 J 4 OF 42 46 0868 7 
weld 


Fig. 4—Rockwell C Hardness Surveys of Welded S.A.E. X4130 Steel 0.049 In. and 0.083 In. Thick. Heat 
Treated by Oil Quenching from 850° C. Followed by 1 Hr. at 480° C. 


Fig. 5—-Photograph of an Early Stage in the Transverse Bend 
Testing of Welds Made in 10-Gage NE 8630 Steel 

From top to bottom, welds made with No. 1, No. 2 and No. 3 ro 
in the as-welded condition, and bottom weld made with No. 3 rod 
and in the stress-relieved condition. In the top specimen most of 
the bending is taking place in the weld metal, in the second speci- 
men the bending is uniform over the weld section and in the bottom 
two specimens most of the bending occurs in the base metal. 
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hardening that may occur if care is not taken to avoid 
them. Figures 12 and 13, when compared with Figs. 7 
and 8 show that heat treatment is of considerable benefit 
to the base metal, permitting greatly increased bending 
without failure. 

A further study of these bends, from the standpoint of 
the welding rod used, shows that the weld metal pro 
duced by the Nos. | and 2 type welding rods had bending 
properties that were equal to or greater than those of the 
corresponding base metals but that the weld metal from 
the No. 3 rod had a low order of bend resistance in the 
as-welded condition. These welds were specifically in- 
cluded in these photographs to show that this method of 
bend testing will distinguish between weld metals as well 
as base metals. This welding rod yields a high carbon 
alloy with a composition not materially different from 
that of rolled X4130. However, because of their lack of 
toughness, such high carbon weld metals are very seldom 
to be recommended for structural welding purposes un- 
less heat-treated. As shown in Figs. 7 to 12, whenever 
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Fig. 6—-Photograph of the Final Stage in Transverse Bend Tests 
of Weld Specimens Shown in Fig. 5 


(Upper left) No. 1 low carbon rod as-welded. Practically all the 
bending has occurred in the weld metal. 

(Lower left) No. 2 low carbon low-alloy rod as-welded. Distribu- 
tion of bending between base and weld metals is about equal. 

(Upper right) No. 3 high carbon low-alloy rod as-welded. Most 
of bending has occurred in the base metal. 

(Lower right) No. 3 high carbon low-alloy rod stress-relieved. 
Distribution of bending between base and weld metals is more 
nearly equal. 


this welding rod was used, initial failure occurred in the 
weld metal and at low elongation values. This weld 
metal, in the as-welded condition, therefore, is not a 
suitable counterpart to the rolled X4130 or NE 8630 
steels, and would be discarded by this method of testing. 
By the same token Nos. 1 and 2 type welding rods would 
be acceptable as yielding weld metals that possessed bend 
elongations equal to or greater than those possessed by 
the accompanying base metals. 

To secure more information about the weldability of 
NE 8630 steel, a series of tensile tests was made of 
various thicknesses of this steel welded with the three 
types of welding rods. These specimens were welded in 
the same manner as the specimens used in the bend tests, 
and the reinforcement was removed flush with the base 
metal. Standard sheet metal tensile test specimens were 
prepared from each welded sheet with 2.2-in. long by 
0.75-in. wide parallel sections across the welds. The re- 
sults of these tests are given in Table 2. 

Examination of these data shows that the weld metal 
produced with the No. 1 type of rod has a tensile strength 
of 97,000 psi. in 0.083-in. thick material, and 97,500 psi. 
in 0.049-in. thick material. Apparently in the thinner 
welds, there is the same opportunity for alloying with the 
base metal for the full width of the weld as in the heavier 


Table 2—Welds in NE 8630 


Tensile 
Welding Strength, 
Weld No. Thickness Rod Psi Fracture 
As-Welded 
X42 0.049 No. 1 97,500 Edge of weld and 
weld metal 
45 0.049 No. 2 109,700 Edge of weld 
40 0.049 No. 3 100,000 Edge of weld 
54 0.083 No. 1 97,000 Weld metal 
56 0.083 No. 2 115,500 Edge of weld 
53 0.082 No. 3 21,000 Base metal 
Heat-Treated 
44 0.049 No. 2 151,000 Edge of weld 
41 0.049 No. 3 165,000 Base metal 
57 0.083 No, 2 170,500 Edge of weld 
52 0.083 No. 3 171,000 Base metal 
welds. There is, however, a definite possibility that the 


tensile strength of the weld metal will be even lower un- 
less adequate alloying occurs. Lower tensile strengths 
than shown here are not uncommon with unreinforced 
welds made with the No. 1 type rod. On the other hand, 
the welds with No. 2 rod are equivalent to the annealed 
base metal in strength in both thicknesses, because 
strengthening elements are provided in the rods and 
there is less need to obtain additional alloying from the 
melted base metal. The results obtained in tensile tests 
of welds with the No. 3 rod were somewhat erratic, and 
the fractures indicated an occasional brittle condition in 
the weld metal. 

Heat treatment greatly improved the tensile perform- 
ance of welds made with Nos. 2 and 3 rods, the most 
important improvement being in welds with the No. 3 
rod. This would naturally be expected, as this weld 
metal is very responsive to heat treatment. 

To secure a better understanding of the characteristics 
of welds in this new aircraft steel a series of photomicro- 
graphs has been prepared illustrating microstructures of 
the welds. The principal areas studied were the weld 
metal and the zones immediately adjacent to the weld 
metal where the hardness surveys showed the hardness to 
have been highest and where fracture in the bend test 
occurred. Although the hardness surveys showed a 
greater hardness in the heat-affected zones in X4130 as 
compared with corresponding zones in NE 8630, the 
difference in the metallographic appearance was not 
pronounced. The zone of maximum hardness in each 
case possessed an acicular structure (pseudomartensite), 
as illustrated in Figs. 14 to 17. As shown in Figs. 18 and 
19, heat treatment produced fine-grained, tempered 
martensite throughout the base metal next to the weld. 
Figures 20 to 24 illustrate the microstructure of the weld 
metals in both the as-welded and heat-treated conditions. 
The weld metals had the characteristic microstructures 
that would be expected from their original composition ; 
the No. 1 weld metal being of the low carbon type, the 
No. 2 weld metal showing the presence of appreciable 
amounts of carbon and the No. 3 weld metal being defi 
nitely of the higher carbon alloy type. Heat treatment 
produced a material change in the microstructure of 
these weld metals with the exception of welds with the 
No. 1 type rod. As would be expected from the hardness 
values after heat treatment, this metal was not materially 
changed and photomicrographs were not included. 


Discussion 


As indicated in the first paragraph, this paper deals 
with two phases of the welding of aircraft materials; 
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namely, the welding characteristics of NE 8630 steel as 
compared with S.A.E. X4130 steel, and the suggestion of 
a method of specifying the properties to be required of 
the weld metals. It is very clear from the data and 
photographs presented that from the standpoint of 
weldability which includes flowing characteristics, hard- 
ness, bend and tensile properties, the NE 8630 steel is at 
least equivalent to S.A.E. X4130 steel. The better per- 
formance of the welds in NE 8630 steels in the bend test 
as contrasted to the occasional cracking that occurred 
adjacent to the welds in X4130 steel, seemed definitely 
to indicate greater toughness in the new steel after weld- 
ing, an important attribute in steel for aircraft. Appar- 
ently, too, the tensile properties of the welded NE 8630 
steels were satisfactory as they were of the same general 
order as those possessed by the S.A.E. X4130 steels in 
the same condition. It therefore seems proper to con- 
sider that NE 8630 steel has at least as good weldability 
as the S.A.E. X4130 steel for which it is being substituted. 

As noted earlier, the physical properties of welds in NE 
8630 steel were compared directly with similar welds in 
X4130 steel, and judgment as to the suitability of welds 
in NE 8630 composition was based on the general accept- 
ability of similar welds in X4130 steels for aircraft use. 
This use of the comparative method of judging the new 
steel was necessary because there is at present no pub- 
lished or generally accepted standard of performance for 
weld metals in aircraft steels such as exists in the pressure 
vessel, piping and structural welding fields. In such 
welding fields, there are more or less complete specifi- 
cations for weld metal performance covering tensile, 
bend and impact properties of the deposited weld metal 
and completed weld. If then, the weldability of a new 


Fig. 7—Longitudinal Bend Tests of Welds Made in 0.049-In. Thick NE 8630 Steel in the As-Welded Condition 


(From left to right) No. 3 welding rod—bend test stopped due to crack in weld metal. No. 1 welding rod 
failure of either base or weld metals. No. 2 welding rod—no failure of either base or weld metals. 


Fig. 8—-Longitudinal Bend Tests of Welds Made in 0.083-In. Thick NE 8630 Steel in the As-Welded Condition 


structural steel having a tensile strength of say 65,000 
psi. were to be investigated, an electrode or welding roq 
would be used of a type that would provide weld meta; 
with a tensile strength when deposited in the layer. 
annealed condition, of 68,000 to 70,000 psi. Such q 
welding rod or electrode would yield weld metal that 
would possess certain per cent elongation, reduction of 
area and impact values, the minimum for which for g 
given use had already been set by the code authority. 
The properties of welded joints made with such welding 
rods or electrodes would then be directly related to the 
weldability of the base metal. Welds for aircraft, how. 
ever, have not been thus typed or classified in terms of 
weld performance but rather there is a very wide vari- 
ation among welding fabricators in choice of welding rod 
or electrode, flame adjustment, method of welding, and 
degree of desired melting of the base metal for presum- 
ably equivalent welds. The result as shown in this paper 
is that the tensile and bend properties even in the same 
base metal vary over a wide range, and there is no com- 
mon basis for judgment. 

The most frequently offered justification of this condi- 
tion is that no weld in aircraft tubular construction is 
directly stressed in tension or compression, and that all 
welds are sufficiently reinforced or gusseted to insure 
that the unit stress to which they are subjected will be 
of a relatively low order. As a consequence of this condi- 
tion, the great preponderance of welds in aircraft tubular 
construction are made with welding rods or electrodes 
which normally deposit very low carbon steel, and in 
order to obtain strengths that are at all compatible with 
the original strength of the tube, absorption of alloy from 
the melting base metal is depended upon to a consider- 
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(From left to right) No. 3 welding rod—bend test stopped due to small crack in weld metal. No. 1 welding 


rod—no failure of either base or weld metals. No. 2 welding rod—no failure of either base or weld metals. 
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Fig. 9—Longitudinal Bend Tests of Welds -_— —— Thick S.A.E. X4130 Steel in the As-Welded 
ondition 


(From left to right) No. 3 welding rod—bend test stopped due to crack in weld metal. No. 1 welding rod— 
bend test stopped due to small crack in junction of base and weld metals. No. 2 welding rod—bend test stopped 
due to small crack in base metal. 


Fig. 10—Longitudinal Bend Tests of Welds Made in 0.083-In. Thick S.A.E. X4130 Steel in the As-Welded 
Condition 


(From left to right) No. 1 welding rod—bend test stopped due to small crack at junction of base and weld metals. 
No. 2 welding rod—bend test stopped due to small crack at junction of base and weld metals. 


Fig. 11—Longitudinal Bend Tests of Welds Made in 0.049-In. Thick S.A.E. X4130 Steel in the As-Welded 
Condition. Welds Made in Jig and Hence Cooled at a Slightly Higher Rate Than Specimens Shown in Fig. 9 


(From left to right) No. 3 welding rod—bend test stopped due to crack in weld metal. No. 1 welding rod—bend 
test stopped due to sudden crack in base metal. 
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Fig. 12—-Longitudinal Bend Tests of Welds Made in 0.049-In. 
Thick NE 8630 Steel in the Heat-Treated Condition 


(From left to right) No. 3 welding rod—bend test stopped due to 
crack at junction of base and weld metals. No. 1 welding rod— 
no failure of either base or weld metals. No. 2 welding rod—no 
failure of either base or weld metals. 


able extent. It is this alloying with the base metal and 
the reinforcement of the weld which permits setting up 
specifications such as are used by the U. S. Army and 
Navy, in which 80,000 psi. tensile strength in cold- 
drawn tubing welded with low carbon iron welding rod is 
required. However, from the standpoint of sound en- 
gineering, weld metal should be proportioned to the 
physical characteristics of the base metal being welded 
and not to the low unit stress to which the welds are sub- 
jected as the result of favorable placing of the welds in 
the structure. The reinforcement of the weld should be 
considered as part of the safety factor of the designed 
joint. 

It would seem highly desirable, therefore, that the air- 
craft industry should develop a standard procedure for 
determining minimum weld performance to serve as a 
guide not only for aircraft designers but also for welding 
rod and electrode manufacturers in further development 
work. Minimum acceptable weld performance implies 
a suitable combination of tensile strength, ductility and 
toughness in the weld and heat-affected zone, so that 
from the designer’s standpoint, the design can be planned 
without penalties or restrictions resulting from the weld- 
ing. No one test is capable of providing all the informa- 
tion needed for such a determination but a combination 
of tests will serve the purpose quite satisfactorily, as has 
been very well demonstrated in the pressure vessel and 
piping fields. It is believed that the test results reported 
in the present work can serve as a suitable basis for 
setting up a specification for weld metal in aircraft steels. 

A review of the data presented in this paper shows that 
on the basis of tensile strength of coupons cut trans- 
versely across the weld, welding rods of the Nos. 1 and 3 


Fig. 13—Longitudinal Bend Tests of Welds or: - 0.083-In. Thick NE 8630 Steel in the Heat-Treated 
ondition 


type do not meet the basic requirement of equivalence ty 
the base metal. The weld metal provided by the No, | 
type welding rods is inherently of lower tensile strengt} 
than the base metal and can be satisfactory only j 
reinforced sufficiently. Weld metal from the No. 3 type 
gives erratic results in the tests, apparently because the 
metal is too brittle unless heat-treated. The tensile test. 
therefore would discard these types of welding rod byt 
would indicate approval of welding rods of type 2) as 
unreinforced welds made with these rods have adequate 
tensile strength. The tensile test, however, does not 
provide a satisfactory measure of ductility of the weld 
metal, nor of the base metal in most welded aircraft 
steels. For this purpose the bend test as modified for 
thin sheet seems to be well suited. As the data and 
photographs have shown, this test would exclude type 3 
welding rods because the weld metal is lower in bend 
ductility than the base metal, but both Nos. 1 and 2 
weld metals would pass the bend test. It is, therefore, 
clear that a well-considered formula of minimum weld 
performance that would comprise at least these two tests 
would result in rejection of the unsuitable types of rods 
and acceptance of welding rods that were well matched 
to the base metal in physical characteristics. In setting 
up such a formula for high strength steels, important 
factors such as sheet thickness, and heat treatment after 
welding should be specified because the performance of 
such base or weld metals may vary over a wide range as 
affected by these factors. For instance, after heat treat 
ing at 850° C. for 35 min. followed by oil quenching and 
drawing, improved performance was obtained from welds 
made with No. 3 welding rod, as evidenced by the bends 
in Figs. 12 and 13, and the tensile test results in Table 2. 
Also, unfavorable welding conditions may seriously 
affect the ductility of welds in X4130 as shown in Fig. 11. 
It is clear, therefore, that a specification can be drawn up 
which would provide assurance that the weld metal em- 
ployed in welding the different aircraft steels would 
possess physical properties that were properly propor- 
tioned to the physical properties of the welded base 
metal. The use of such a specification would place the 
welding of aircraft steels on a sound engineering and 
metallurgical basis. 

In order to be definite, the following specifications are 
suggested for the determination of the performance of 
weld metal in aircraft sheet or tubing 


A. Conditions for test: 


1. Base metal thickness must be the same as that 
for which performance is being determined. 
Welding method and procedure must be the 


(From left to right) No. 3 welding rod—bend test stopped due to crack in weld metal. No. 1 welding rod 


bend test stopped due to crack in junction of base and weld metals. No. 2 welding rod—bend test stopped due 


to crack in junction of base and weld metals. 
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Fig. 14—-Zone Next to Weld 
in S.A.E. X4130 Steel 0.049 
In. Thick—-As-Welded. 100 x 


Fig. 15—Zone Next to Weld 
in S.A.E. X4130 Steel 0.083 
In. Thick—As-Welded. 100 x 
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Fig. 16—Zone Next to Weld 
in NE 8630 Steel 0.049 In. 
Phick—As-Welded. 


Fig. 17—Zone Next to Weld in 
NE 8630 Steel 0.083 In. 
Thick—As-Welded. 100x 
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Fig. 18—Zone Next to Weld in 

S.A.E. X4130 Steel 0.083 In. 

Thick—Oil Quenched 850° 

C. and 1 Hr. Draw at 480° C. 
100 x 


Fig. 19—Zone Next to Weld in 

NE 8630 Steel 0.083 In. 

Thick—Oil Quenched 850° 

C. and 1 Hr. Draw at 480° C. 
100 x 
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Fig. 20—No. 1 Typ W least 
Metal As-Welded 


Fig. 21—No. 2 Type Weld 
Metal—As-Welded. 100y 


R 


Fig. 22—No. 2 Type Weld 

Metal—Oil Quenched 850° 

C. and 1 Hr. Draw at 480°C 
100 


Fig. 23—No. 3 Type Weld 
Metal—As-Welded. 


same as used in regular production proc- 
esses. 

Thermal history of the specimen must dupli- 
cate as nearly as possible the thermal his- 
tory of the production process. This in- 
cludes use of preheat, preheat or postheat 
due to previous or subsequent welds, and 
heat treatment of the completed welds. 

In welds made under the above conditions: 

|. The tensile strength of unreinforced strips 
from the welded joint must be equal to or 
greater than that of the base metal as 
affected by the welding heat or after heat 
treatment, if used. The tensile strip must 
have a reduced section long enough to in- 
clude the softened as well as the hardened 
zones on each side of the weld metal. 

The bend elongation of the weld metal as 
determined on unreinforced specimens bent 
longitudinally of the weld must be equal to 


or greater than that of the base metal at any Fig. 24—No. 3 Type Weld Metal—Oil Quenched 850° C. and 
point in the heat-affected zone. The strip je 1 Hr. Draw at 480°C. 100 
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e Weld 
100 


Weld 
i 850° 
480°C 


Weld 
100x 


for bend testing must be wide enough to 
include the softened as well as the hardened 
zone on each side of the weld. 


Conclusions 


|. The weldability of NE 8630 steel sheet as deter- 
mined on one heat which was considered to be satis- 
factorily representative of this new type of steel is at 
least equal to that of S.A.E. X4130 steel in the thick- 


Requirements for First 
Class Welds in 


Switzerland 


IRST class butt welds (V, X or U joint) in ordinary 
structural steel made by certified welders should 
attain the following values: 


|. X-ray should show practically no defects. 

2. Macrostructure free from defective fusion, 
ity and large slag inclusions. 

3. Microstructure free from the finest crack and free 
from martensite. 

4. Vickers hardness of weld metal = 135-180. 

Vickers hardness of unmachined surface of weld = not 
over 200. 

5. The joint must have at least as high tensile 
strength as the unwelded steel; that is, about 57,000 psi., 
the specimen having a width three times the thickness 
and a length of parallel section = 2 X thickness. 

6. Bend test. The result is expressed by a coefficient 
k = (T/R);T = thickness of steel; R = radius of neutral 
fiber. Required values of k are: 


pore S- 


Face Bend Root Bend 


Plates up to '/s in. thick 40 30 
Plates '/s to */, in. thick 30 25 
Plates over */, in. thick 25 20 


A tolerance of 10° is allowed. 

7. Notch impact value with specimens 0.39 in. 
square having a notch 0.12 in. deep, 0.08 in. diameter. 
Unwelded steel must attain at least 10 mkg./cm.’ 
Weld metal must attain at least 8 mkg./cm.? June 
tion zone must attain at least 6 mkg./cm.” 


8. Fatigue strength, zero to maximum tension, | 


* Abstract of part of an article in Journal de la Soudure, 31 (4) 107-121 
1941 written by Prof. M. Ro&’, Head of the Federal Materials Testing and Ex 


perimental Bureau, Zurich, Switzerland Abstracted by Dr. G. E. Claussen 
Reid Avery Co 


Table |—Experimental and Allowed Fatigue Stresses for Design of Welded Bridges, Psi. 


Lower Stress 


37----—— — St 44 St 52 

Upper Stress Test Results Design V eine Test Results Design Value Test Result Design Vaiue 
o~7 17,000 12,000 18,500 12,000 20,000 12,000 
—0.5 14,500 15,200 16,600 
Of 25,600 17,000 27,700 18,500 30,600 90.000 
+0.5 34,100 19,600 38,400 21,800 12 600 23 O00) 
+1 37,000* 22,200 42,600* 25,000 51,000* 28 000 


. These are the yield strengths in static tension. 


t Signifies a fatigue cycle of maximum compression to equal maximum tension 


} Signifies a fatigue cycle of zero to maximum tension 
St 37 is mild steel having a minimum tensile strength of 5 
St 44 is steel having a minimum tensile strength of 62,5 1 1 oul. 


St 52 is low-alloy steel having a minimum tensile strength of 74,000 psi. 


psi 
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nesses tested. This embraces flowing quality, hardness, 
tensile strength and bend ductility after welding. 

2. Some welding rods regularly used for aircraft 
provide weld metal that does not meet the requirements 
of sound weld engineering design. The application of a 
suggested specification covering minimum _ tensile 
strength and bend elongation requirements would lead to 
a satisfactory balance between the physical properties of 
weld and base metals. 


Over- 
A tolerance of 10°7 is allowed. 


million cycles. Flat position weld 


25, 600 psi. 
head weld = 20,000 psi. 


First class weld metal deposited by certified welders 
should attain the following values: 

1. Tensile strength = 64,000-78,000 psi 
2. Yield strength = 50,000—4,000 psi. 

3. Elongation = 15-25% in 4 in 

4. Bend test value k = 30 to 50, the deposit being 
made in very thin layers to show the ability of the metal 
to resist embrittlement by rapid cooling. 

5. Notch impact value = at least 8 kg./cm.? 

6. Fatigue strength (zero to maximum tension, | 
million cycles) = 43,000 psi., a tolerance of 10°) being 
allowed. 


lable 1 shows the design stresses for bridges that are 
allowed in fatigue. Design stresses in fatigue are 10°, 
higher for frames than for plate girders, and are approxi 
mately 15°, higher for buildings than for bridges. 

The pulsating tension fatigue strength (zero to max 
mum tension, 100,000 cycles) of butt welds made by the 
oxyacetylene torch in aircraft tubing (0.25 C, 1.01 Cr, 
0.21 Mo, 0.25 Si, 0.59 Mn, 0.015 P, 0.010 S) with mild 
steel filler rods was 53,500 psi. The alternating stress 
fatigue strength (maximum compression to maximum 
tension) of the joints was 19,200 psi. The static yield 
and tensile strengths of the welded tubes were 91,000 
and 100,000 psi, respectively. 

The fatigue strength of resistance-welded concrete- 
reinforcing steel bars (yield strength ten 
sile strength = 85,000 psi.) */s in. diameter was the same 
as unwelded bars of the steel. Welded bars |'/, and 2 in. 
diameter had 90°; and 80°), respectively, of the fatigue 
strength of unwelded bars. The following bend fatigue 
results (4-ft. span) are reported for welded rail joints, 
the head of the rail being in compression (zero to maxi 
mum tension in foot of rail): unwelded rail 50,000 
psi. resistance butt weld = 37,000—40,000 psi., thermit 
weld = 28,500 psi. butt weld, metal are process with 
strap on foot of rail 25,600 psi., are weld without foot 
strap = 22,800 25,600 psi., butt weld by oxyacetylene 
torch and filler rod 22,800—25,600 psi. 


52,500 psi., 
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Introduction 


O estimate the weldability of a given kind of steel 

it is necessary to consider only those defects and 

disadvantages of welding which arise exclusively 
or partly from the characteristics of the base metal. 
These defects appear principally in the transition zone 
between base metal and weld metal. Defects arising 
from incorrect welding practice, unsuitable filler metal 
or shrinkage stresses are found mostly in the weld metal 
and, in general, have nothing to do with the weldability 
of the steel. 

Bad weldability may be due to alloying elements or 
non-metallic inclusions in the base metal. Thus it is 
impossible to make a smooth weld in steel containing 
over 1% silicon. Again, certain slag inclusions, particu- 
larly alumina, make it difficult to melt the steel beneath 
them, and the welder must make a wide unsightly bead to 
secure penetration. 

In the majority of instances of bad weldability, how- 
ever, welding is performed without difficulty, yet the 
finished joint is defective. These defects take the form 
either of hard zones up to 600 Brinell, which embrittle 
the joint, or of cracks in addition to hard zones. 

Hard zones are a question first, of composition, second, 
of cooling velocity. Among the alloying elements af- 
fecting hard zones, carbon is most important, but others 
such as Mn, Cr, Mo, V and Ni, also play a part. The 
permissible content of alloying elements cannot be pre- 
scribed precisely, because hardening depends also on 
cooling velocity. Under favorable circumstances a given 
alloy steel may cool so slowly after welding that there is 
no hardening, yet with rapid cooling after welding, the 
same steel may develop high hardness. Cooling velocity 
increases with increase in thickness, except that in very 
thin sheet radiation is a large factor and cooling veloci- 
ties are rapid, too. Factors that favor hardening, like- 
wise favor cracking. Increasing the heat input or de- 
creasing the speed of welding decrease cooling rates and 
the danger of cracking. Preheating to 200° C. is very 
effective in decreasing cooling rates and cracking. Cold 
surroundings increase cracking. 

The tendency of a steel to crack can be reduced partly 
by special metallurgical refining procedures in the steel 
furnace and by normalizing. In general, basic open- 
hearth steel is preferable to basic Bessemer steel for im- 
portant welded structures. If preheating or slow welding 
cannot be practiced to avoid hardening, stress relief heat 
treatment at 600 to 640° C. is called for. The treatment 
removes to a large extent the hard zones and shrinkage 
stresses. While hard zones must be present for cracks 
to occur, the cracks are caused by the unavoidable shrink- 
age stresses during cooling. Decreasing the shrinkage 
stresses therefore helps to prevent cracks, but it is 


* These standards were issued by the Welding Committee of the Standards 
Bureau of Switzerland, Standard No. 140/503 on ‘“‘Weldability of Steel’’ was 
issued Nov. 1940 and was published in Journal de la Soudure, 31, 123-130 
(1941). Stamdard No. 140/505 was issued January 1941 and was published 
in Journal de la Soudure, 32, 38-42 (1942). Abstracted by Dr. G. E. Claussen, 
Reid Avery Co. 
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seldom possible in practice to suppress shrinkage stresses 
completely. Consequently the means to avoid cracks 
must be sought in the means of preventing hardening. 
Whether cracks in the hard zone spread into weld meta! 
or base metal depends on the ability of the metal to de 
crease through plastic deformation the sharp stress con 
centration at the notches at the ends of the cracks. If the 
steel lacks this ability, which is an essential part of its 
weldability, the cracks may spread in brittle fashion and 
may lead to sudden collapse of the structure. If cracks 
as well as hardening occurred during welding, subsequent 
heat treatment is useless. 


General Rules 


Case 1. Impossible to make neat weld on account 
of wild melt and spatter. 


Causes: (a) too high silicon content; (5) large slag 
inclusions, laminations. 

Remedies: Discard the laminated portions of the 
steel. Preliminary control of the steel is recom 


mended: Si max. = 1.0%; reject material with 
laminations and large slag inclusions. 
Case 2. Appearance of hard zones or cracks in the 


heat-affected zone next to the weld, spreading of the 
cracks into weld metal or base metal. 

Causes: (a) composition of steel, too high C, Mn, Cr, 
Mo, V; (0b) too fast cooling; too thick, too low tem 
perature of base metal, too high welding speed, too 
low heat input. 

Remedies: (@) control of composition. The carbon 
content must not exceed 0.259% whether or not al- 
loying elements are present. The permissible con- 
tent of many alloying elements depends on the car 
bon content: 

C+ Cr = 0.35% max. C + Ni 

C + Mo = 0.50% max. Cu 

C+V = 0.40% max. P+S5S 

C + Mn 1.40% max. 


If several elements are present, the effect of each 
element is additive, particularly the sum C + Cr + 
Mo + V must not exceed 0.6%. Only if these limits 
are maintained can a steel, even in thick sections be 
welded at temperatures over 5° C. without preheat 
and without heat treatment after welding. 

(6) If the alloying elements are in excess of those 
stated above, and if the steel is over 1.18 in. thick, 
hardening can be reduced to some extent by lowering 
the cooling velocity in four ways: 

1. Preheating to at least 200° C. during welding. 

2. Lowering the normal welding speed. 

3. Raising the heat input, thicker filler rods or 

electrodes. 

4. Preliminary normalizing of the base metal. 

If these remedies do not suffice to prevent the hard 
ness from exceeding 250-300 Brinell, stress-relic! 
heat.treatment is necessary after welding. 


3.00% max. 
0.60% max. 
0.10% max. 
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Strength, Tensile tion, % Chemical Composition, % 
Standard Psi., Strength, in 2 In., Max. Max Max Grade of 
Type of Steel Number Min. Psi. Min. Cc Mn Si P S Weldability 


Forged or rolled steel for 00.11 ; 71,200 max 
machinery construction 34.11 27,000 48,400-— 59,700 
37.11 52,600— 64,000 
42.11 32,700 59,700— 71,200 
50.11 38,400 71,200— 85,300 


60.11 42,700 85,300— 99,500 
70.11 49,800 99,500-121,000 
Structural steel, such as 00.12 71,200 max. 
beams, flange plates, 34.12 48,400— 59,700 
and web plates 37.12 52,600-— 64,000 
42.12 59,700-— 71,200 
44:12 62,500-— 74,000 
Cold rolled steel 00.13 a 71,200 max. 
34.13 48,400-— 59,700 
38.13 54,000— 64,000 
Steel for case* carburizing 10.61 29,900 About 54,000 
16.61 32,700 About 59,700 
Forged or rolled steel for 25.61 34,100 59,700- 71,200 
heat-treated parts 35.61 39,800 71,200-— 85,300 
45.61 48,400 85,300-— 99,500 
60.61 56,900 99,500-121,000 
Lap welded pipe 34.28 48,400— 64,000 
Seamless tubing 00.29 
35.29 ; 49, 800— 64,000 
45.29 ; 64,000— 78,200 
55.29 78,200-— 92,500 
65.29 92,500-107 ,000 


* The tensile properties apply to normalized steel. 
+P S = 0.07 max. 
tP +S = 0.10 max. 


Grades of Weldability 


A steel has ‘‘good weldability”’ if it can be welded with- 
out special precautions above 5° C. in thicknesses up 
to 1.6 in. without heat treatment after welding and yet 
without the appearance of the defects described in the 
section on General Rules. 

A steel has ‘‘adequate weldability”’ if joints free from 
the defects in the General Rules can be welded in thick- 
nesses up to 0.79 in. without special precautions or sub- 
sequent heat treatment. 

A steel has “bad weldability’’ if special precautions 
and subsequent heat treatment are required to produce 
joints in any thickness free from the defects listed under 
General Rules. 

A steel is ‘‘not weldable”’ if despite special precautions 
and subsequent heat treatment, joints free from the de- 
fects described in the General Rules cannot be secured 
regularly. 


Weldability Tests 


The basis for estimating the weldability of a steel is its 
chemical analysis, which suggests from experience 
whether the steel will harden or not under normal condi- 
tions. The chemical composition must meet the re- 
quirements of the General Rules. Although the com- 
position of a steel is the basis for a preliminary estimate 
ot its weldability, the following tests for tendency to 
cracking are necessary. 

1. Bead-Bend Test.—-The bend angle at the first crack 
next to the weld shall not be less than 30° for steel pos- 
sessing good weldability. In no case, regardless of bend 


0.064 0.06] Not specified 


30 0.12 0.06 0.06 Good 

25 0.18 0.06 0.06 Good 

25 0.25 0.06 0.06 Adequate 

22 0.35 0.06 0.06 Adequate 

17 0.45 0.06 0.06 Bad 

12 0.60 0.06 0.06 Not weldable 
Not specified 

30 Good 

25 Good 

24 Good 

24 ; Adequate 

30 0.06 Good 

25 Good 

30 0.06-0.13 0.3-0.6 0.35 0.04t 0.04¢t Good 

28 0.11-0.18 ee Good 

27 0.25 0.8 max. Good 

23 0.35 : i Adequate 

19 0.45 ; Bad 

15 0.60 Not weldable 


25 ; Good 


Not specified 


25 Gor rd 

21 Adequate 
17 Adequate 
12 Bad 


angle, is a sudden brittle fracture indicative of good weld- 
ability. 

2. Hardness Test.—The maximum hardness found on 
two cross sections and on one longitudinal section must 
not exceed 250-300 Brinell. 

3. Structure-—No cracks should be found in the 
etched macrostructure. No martensite should be found 
in two cross sections examined for microstructure. 

If these requirements are not met, the steel does not 
have good weldability. Additional specimens welded 
with different combinations of special precautions then 
should be tested to determine the grade of weldability of 
the steel. Table 1 lists the weldability of standard Swiss 
steels. 


Bead-Bend Test 


The bead-bend test is exclusively for testing the 
weldability of base metal in arc welding. The test must 
be used only in conjunction with chemical analysis, hard- 
ness and examination of structure. It is being intro- 
duced now as a tentative standard owing to paucity of ex- 
perimental results with it. Nevertheless, the test should 
be used as often as possible, and the results should be cor 
related with other tests. It is also recommended to make 
the test for oxyacetylene welding, too. 

The object of the test is to evaluate the grade of weld- 
ability of the base metal. It indicates to a certain extent 
the tendency of a steel to exhibit hard zones and cracks. 

Since the test is performed mainly on plates and flat 
bars, the specimen is taken in the direction of rolling. 
The test does not clearly indicate the weldability of 
plates less than 1 in. thick. The thickness of the specimen 
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Table 1—Weldability of Unalloyed Steels 
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Fig. 1—Swiss Standard Bead-Bend Specimen for Weldability 
Test 

a = thickness of specimen, A = beginning of bead, E = 

end of bead, r = radius of groove before welding = about a/10. 


should be equal as nearly as possible to the thickness of 
the steel to be tested. 

The bead-bend specimen is shown in Fig. 1. The longi- 
tudinal groove is filled with a single pass, without inter- 
ruption, at normal welding speed. There must be good 
fusion with as little crowning of the bead as possible. 
The bead is not machined. If the steel is intended for 
field welding, the temperature of the specimen before 
welding should be as low as the lowest temperature ex- 
pected in the field. For steel for shop welding, the tem- 
perature of the specimen should be 15 to 20° C. If the 
steel fails twice, the test may be repeated at lower weld- 
ing speed, with larger electrodes and higher current, and 
with preheat. 

During test, the ram of the testing machine is exactly 
in the middle of the specimen and pushes it slowly be- 
tween the rollers, Fig. 1. The test is stopped at the first 
visible crack; the bend angle and bend radius are meas- 
ured. Bending then is continued to fracture. The maxi- 
mum bend angle as well as the bend coefficient (k = 7/R, 
7 = thickness, R = radius of neutral fiber) are deter- 
mined. The following are recorded as test results: 

Type of steel and thickness. 

Type of electrode. 

Temperature of specimen at the beginning of welding. 

Speed of welding, inches per minute. 

Bend angle and bend radius at first crack. 

Description of the first crack (in bead, heat-affected 

zone, or plate). 


Bend angle and bend coefficient at fracture. 
Chemical composition of base metal. 


Hardness Test 


The object of this weldability test is to determine the 
maximum hardness of the heat-affected zone in the bea 
bend specimen. The specimen, Fig. 2, is cut from the 
bead-bend specimen starting at the beginning of the bead 
The bead is machined flush with the plate, after which 
the surface is ground and etched to render the heat-aj 
fected zone plainly visible. The under side of the spec; 
men likewise is ground and etched. The welding cond; 
tions and occasions for repeating the test are exactly 
the same as for the bead-bend test itself. 

The hardness test is made on the ground surface with 
a Vickers diamond pyramid. The impressions on the 
longitudinal section are about 0.2 in. apart in the heat 
affected zone, but are closer on the cross section. The 
following results are recorded in addition to those for 
the bead- bend test: 

1. Hardness of unaffected base metal and of weld 

metal. 

2. Every individual hardness value in the heat 

affected zone. 
Maximum hardness and its location. 


Base Mera 
Harp Zone 
- Merac 


Fig. 2—Swiss Standard Hardness Specimen for Weldability 
Test. Both Surfaces Shown Are Ground 
a = thickness of specimen, A = beginning of bead. 


Examination of Structure 


An examination for martensite and hard cracks is made 
to complete the tests for weldability. The structure is 
examined on a small piece cut from the same specimen 
used for hardness tests. The results of microscopic ex 
amination are reported in terms of presence or absence 
of martensite and cracks in the heat-affected zone, 
whether the martensite exits in bands or as isolated in 
clusions. The location and type of cracks are recorded. 
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THE ENGINEERING FOUNDATION 


Welding Research Council 


Sponsored by the American Welding Society and American Institute of Electrical Engineers 


Supplement to the Journal of the American Welding Society, March 1943 


Our University Research Workers 
and Their Laboratories 


(EDITORIAL NOTE: Jn order to familiarize our readers and 
industry with the talent and facilities available in the uni- 
versities, the Welding Research Council proposes each month 
to publish in so far as it is able, a review of the welding 
research work at some particular university.| 


MASSACHUSETTS INSTITUTE OF TECHNOLOGY 
Cambridge, Mass. 


EVERAL years ago Dr. John Norton of Massa- 
chusetts Institute of Technology presented a brief 
talk at one of the Annual Conferences of the Uni- 

versity Research Committee (then known as the Funda- 
mental Research Division). Dr. Norton pointed out that 
a few preliminary experiments had indicated the use- 
fulness of the X-ray diffraction method in the measure- 
ment of residual stresses at the surface of piece of metal. 
The Council was quick to recognize the opportunities of 
the use of this tool and a program was quickly developed. 
Other departments of the University were brought in. 
Parallel investigations on residual stresses were started 
under Professor MacGregor using rotating flywheels. 
These and other investigations are mentioned below. 
The reader is invited to study the outline of the work 
under way and to meet some of the scientists responsible 
for the work. 


General View of One Section of Welding Laboratory, Dept. 
of Mech. Eng., M. I. T. 


Apparatus for Analysis of Oxygen and Nitrogen in Steel by 
Vacuum Fusion Method. Steel Making Laboratory, Dept 
of Metallurgy, M.LT. 


Outline of Welding Research 


Facilities Available: 

Divided between Departments of Mechanical Engi- 
neers and Metallurgy. In M. E. Department, the facili- 
ties are under general direction of Prof. C. W. Mac- 
Gregor and include: 

1. Welding Laboratory (Profs. Kyle, Kiley). 

2. Testing Materials Laboratory (Prof. Cowdrey). 

3. Research Laboratory of Mechanics of Materials 

(Prof. MacGregor). 

Also in M. E. Department and under direction of Prof. 
A. V. de Forest: 

4. Dynamic Strength of Materials Laboratory. 


In Metallurgy Department, under supervision of 
Prof. R. S. Williams, there are three laboratories: 


5. Metallography Laboratory (Profs. Homerberg and 
Cohen). 
6. X-ray Metallography Laboratory (Profs. Norton 
and Rosenthal). 
7. Steelmaking Laboratory (Prof. Chipman). 
The detailed facilities of these laboratories are as fol- 
lows: 
1. Apparatus for fatigue testing spot welds, resist- 
ance spot and butt welders, oxyacetylene welding and 
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Typical Set-up for Radiographic Inspection of a Welded Seam. 
Radiographic Laboratory, Dept. of Metallurgy, M.L.T. 


cutting apparatus, direct- and alternating-current arc 
welders, and machines for performing all of the physical 
tests commonly used on welds. 

2. A general testing laboratory for all sorts of me- 
chanical testing. 

3. A special research laboratory for problems of 
mechanics of materials. Included is equipment for 
photoelastic investigations. 

4. Equipment for making stress-strain diagrams at 
high rates of loading up to approximately 8000 inches per 
inch per second at the maximum load. A complete de- 
scription of the method is not yet available but the equip- 
ment is available for research work. These high rates of 
loading can be applied to the change in the yield point, 
in maximum, and breaking loads as the speed of loading 
is increased. 

For fatigue work, a Rayflex Fatigue machine which 
may be used for studying the fatigue properties of butt- 
welded joints in sections up to '/: in. thick by 4 in. wide. 
This machine was used by Dr. Rosenthal on his work on 
internal stresses. 

The Stresscoat method of investigating strain dis- 
tribution. Norte: The laboratory has determined that 
in the presence of high internal stress it is easily possible 
to show the results of these stresses in causing extremely 
local yield-point phenomena under the first application 
of load. In other words, wherever locked-up stresses 
are present in steel which shows yield-point phenomena, 
this local yielding may be very readily indicated. 
After the first application of the load, the areas which 
have yielded locally will respond elastically on the next 
load application. 

Resistance wire strain gages and equipment for the 
accurate determination of static and dynamic strain dis- 


WELDING RESEARCH SUPPLEMENT 


tribution. Wire gages of this type are very suitable for 
the measurement of internal stress by the re! 
system of cutting the metal in suitable places to relieve 
the internal stress after the wire gages have been installed 

Facilities for the magnetic powder inspection of welds: 
also fluorescent penetrating oil method of locating surface 
cracks and porosity in non-ferrous materials. 

5. A general laboratory for metallography with m- 
plete facilities for microscopic examination and magnetic 
and dilatometric studies. 

6. X-ray equipment for radiographic inspection up 
to 275 kv. (Special cooperation with Department oj 
Physics permits radiographic work up to 2000 kv.) Also 
complete X-ray diffraction equipment for studies oj 
metals including measurement of residual stresses. 

7. Equipment for melting special alloys in heats up 
to 150 lb. Also vacuum melting. Facilities for chemica| 
analyses, determination of oxygen and nitrogen by 
vaccum fusion and determination of solubility of gases jy 
metals. 


axation 


Note: While all of the facilities listed are not being 
used at the moment for welding research, excellent 
cooperation exists between the different groups so that 
the special equipment of one laboratory can be made 
available to others working on a particular problem. The 
advantage of this situation as well as the many other 
contingent facilities available at M. I. T. is of enormous 
value. 


Welding Research Projects Under Way: 


1. Fatigue Strength of Spot Welds—H. E. Kiley. 
This investigation is concerned with the fatigue testing 
of single spot welds in low carbon steel. In the testing, 
the laboratory has tried to produce reversing shear 
stresses in the welds by placing them in the chords of a 
vibrating cantilever beam. At the outset of the work, 
they used a magnetic device for forcing a vibration in the 
beam, but now they are using a testing machine in which 
the beam’s vibrations are produced directly. This ap- 
paratus will largely eliminate bending stresses which 
have complicated the stress picture in previous tests. 
In this connection, the laboratory is making use of 
plotoelastic analysis in measuring the nature and magni- 
tude of the stresses producing fatigue failure at the welds. 

As data are obtained, they will be reported in the form 
of a ratio of endurance limit to ultimate static strength 


Set-up for Measuring Residual Stresses in Welded Tubing 
by ‘Ray Diffraction Method. X-Ray Metallography Lab., 
Dept. of Metallurgy, M.I.T. 
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for a spot weld in a given metal. Such information would 
be of value in connection with the design of spot-welded 
structures. This investigation is being continued, and 
as soon as a sufficient number of tests have been com- 
pleted, the results will be reported. 


Simplified and Portable X-Ray Unit for Stress Measurement 
with Cameras Mounted Directly on Shockproof X-Ray Tube. 
X-ray Metallography Laboratory, Dept. of Metallurgy, M.L.T. 


2. High Speed Rotating Disk—C. W. MacGregor. 
There is underway at M. I. T. at the present time an in- 
vestigation on High Speed Rotating Disks under the 
sponsorship of the Weld Stress Committee. One of the 
major problems is to investigate the effect of the residual 
stresses produced by welding small disks inside larger 
ones on the strength and ductility of such disks when 
subjected to high speeds of rotation. Due to the large 
restraint present in such welds and the consequent de- 
velopment of excessive residual stresses, this type of 
weld has always been difficult to fabricate in practice. 
The rotating disk has the advantage of being able to 
superimpose on the residual stresses due to welding a 
two-dimensional stress system with both radial and 
tangential stresses of nearly equal magnitude over a con- 
siderable portion of the disk. In addition, certain known 
residual stress systems will be introduced in solid disks 
and superimposed on those due to rotation. It is hoped 
that this study will throw new light on the effect of com- 
bined stresses on the strength and ductility of welds. 

Most of the equipment has been designed and some of 
it already has been received from the manufacturers. 
The Lukenweld Company, Incorporated, through Mr. 
Everett Chapman, Chairman of the Sub-Committee on 
Weld Stresses, has fabricated a testing tank for these 
experiments. The Watertown Arsenal at the suggestion 
of Colonel Jenks will assist in some of the final machining 
operations on this tank which will be shipped to M. I. T. 
for final assemly. It is hoped that conditions will permit 
us to make some of the initial tests within a few months. 

3. Influence of Residual Stresses on Behavior of 
Structure Subjected to Working Loads. This Welding 
Research Committee project under the direction of Profs. 
Norton and Rosenthal has been under way for the past 
year and has been confined to simple unwelded structures. 
Its purpose was to show the influence of working stresses 
upon existing systems of residual stress and to demon- 
strate the influence of these residual stresses on the mech- 
anical behavior of the structure. In this work, the X-ray 
technique of measuring residual stresses in a non-destruc- 
tive manner has been invaluable. The results of this 
work have been presented in a recent issue of THE 
WELDING JOURNAL. 

The project is now continuing for more complex struc- 
tures in which the simple conditions for plastic flow 


and consequent relief of residual stresses are complicated 
by the presence of notches, inhomogeneities and three- 
dimensional states of stress. 

4. Weldability Research—Prof. D. Rosenthal. A 
direct method of testing hardenability associated with 
welding in arc included steels. 

The principal object of the proposed investigation is 
to devise a direct and simple method by means of which 
is welding technique can be predicted that will keep the 
hardness of steels sensitive to quenching below a specified 
value. 

It is proposed to achieve the above object, first, by 
determining a specific factor that will characterize the 
hardenability of steel in arc welding irrespective of the 
conditions of heat flow of the particular process used and, 
second, by determining another specific factor that will 
take into account these conditions. When continuing 
this information a suitable welding technique may be 
found that will limit the hardness of steel to the desired 
value. 

In addition, the method will provide a convenient 
means, first, to relate the hardenability in welding to 
the hardenability in quenching and, second, to compare 
different types of electrodes in so far as their influence 
on hardenability is concerned. 


Publications of Research Projects (from X-ray Metallog- 
raphy Laboratory) : 


1. J. T. Norton, “The Examination of Welds by the 
X-ray Diffraction Method,’’ AMERICAN WELD- 
ING SOCIETY JOURNAL, 9, 9, 11 (1930). 

. T. Norton, “X-ray Methods of Studying Stress 
Relief in Welds,’ THe WELDING JOURNAL, 
16, 10, Research Suppl., 19-22 (1937). 

3. J. T. Norton and B. Loring, ‘Stress Measurement 
in Weldments by X-ray,’ THE WELDING 
JouRNAL, 20 (6), Research Suppl., 254-s to 
287-s (1941). 

4. J. T. Norton and D. Rosenthal, ‘An Investiga- 
tion of the Behavior of Residual Stresses under 
External Load and Their Effect on Safety,” 
THE WELDING JOURNAL, 22 (2), Research 
Suppl., 63-s to 79-s (1943). 
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Introduction 


HE purpose of this review is to present a brief 
abstract on the use of tubular steel sections in 
; structures, as reported in the technical literature. 
fhe term “structure” is here applied in its usual and 
more restricted sense as embracing bridges, buildings 


* Research Assistant, Welding Research Committee. 


and other miscellaneous, related frameworks. Aircraft 
structures, vehicles, rolling stock, furniture, machinery, 
boats and also pipes used as piles are, therefore, not in- 
cluded. 

Such structural use of tubular sections, as defined 
above, must be said to be still in its infancy, or perhaps 
more fortunately expressed, in its pioneering stage, a fact 
that is clearly reflected not only, in the mostly minor 
character of the structures involved but also in the as yet 
rather scanty literature on this particular subject. 

By far the greater part of this literature originates 
from foreign sources, and it may therefore be well to pref- 
ace them with the general—and perhaps superfluous— 
remark that conditions abroad and conditions in this 
country are not always comparable, particularly with 
respect to the relative importance of cost of labor and 
material . 

There are today primarily two types of tubular sec- 
tions, not counting riveted, lap-welded and butt welded 
tubing, available for structural purposes: the welded 
tube and the seamless tube; the term “‘tube’’ used here 
as referring primarily to the round type. Other tubular 
shapes, as square and rectangular, may be equally well 
applicable for structural purposes, but have so far, with 
few exceptions, found but little such use. 

It would take too much space to even outline all the 
various manufacturing processes entering into the pro- 
duction of either type of tubing, nor is this review con- 
cerned with the controversial subject of their respective 
merits.'? Suffice it to say that this probably would be 
of minor importance for structural purposes anyway, 
as the effect of longitudinal welds, provided otherwise 
comparable material, could hardly be other than second- 
ary in this respect. The choice seems therefore rather 
to be one of availability and of cost. 

As to the pertinent specifications dealing with such 
matters as chemical composition, tensile properties, 
testing, tolerances, acceptance and rejection, etc., the 
applicable, authoritative standards are referred to. 

Tubular sections are today available in a wide range 
of diameters and metal thicknesses, and may, of course, 
be specially fabricated to any size desired. However, 
the present manufactured sections, naturally, were de- 
signed with other than structural purposes in mind, and 
it seems a fair assumption that, if strictly structural con- 
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siderations had governed, other and more efficient sec- 
tions, especialiy with reference to the ratio of diameter to 
metal thickness, would have come into existence. Al- 
though structural engineering, for a number of reasons, 
generally frowns upon basic metal thicknesses less than 
1/, in. (*/y— in. under exceptional conditions), this re- 
striction does not necessarily apply with the same force 
to tubular sections, which are proportionately much 
stiffer than rolled, open sections, and because of their 
closed shape also less exposed to corrosion and other in- 
juries, for instance, in handling and transport. This, 
together with the much wider range feasible in tubular 
sections are aspects to be considered in their future de- 
velopment for structural purposes. 


Design 


The general design of tubular steel members involves, 
of course, no other methods than those usually employed 
in steel structures, i.e., bending moments, shears and 
axial forces are derived by the familiar laws of statics, 
where these suffice, and, otherwise, with recourse to the 
theory of elasticity. With these statical items deter- 
mined, the corresponding stresses are, in most cases, 
readily found from the specific properties of the sections. 

The mathematical expressions for these properties of 
tubular sections are very simple, Fig. 1: 


Area A ™/, (D? — d*) = at (D — 2b) 
Moment of inertia J ™/¢4 (D* — d*) 


4 
Section modulus /39 == 


a _ 


Radius of gyration 


Polar moment of 
inertia I, = 2 


It is nevertheless an indispensable convenience to have 
them readily available in tabulated form. Tables of 
dimensions and properties of welded tubes are given in 
the Handbook of Welded Steel Tubing, published by the 
Formed Steel Tube Institute; and for pipes, in the vari- 
ous manufacturers’ handbooks and also in the Manual 
of Steel Construction, published by the American Institute 
of Steel Construction. 

Needless to say, the wider use of tubular sections in 
structures would require such tables to be greatly ex- 
panded and supplemented with other helpful data to 
facilitate design and detailing and to bring them to the 
same level of convenience and rapidity now available for 
rolled structural sections. 

H. Gerbeaux’ has prepared a series of design charts for 
tubular sections, plotting area and weight, moment of 
inertia, section modulus and radius of gyration as func- 
tions of diameter and wall thickness. They are based 
on the metric system and, consequently, not practicable 
where other units are used. 

Tubular steel structures should be designed, fabricated 
and erected in general accordance with the current appro- 
priate specifications, thus for: 


Buildings: Local Building Codes, or failing such, 
American Institute of Steel Construction Specifica- 
tions for the Design, Fabrication and Erection of 
Structural Steel for Buildings by Arc and Gas Weld- 
ing, in combination with AMERICAN WELDING 
Society Code for Arc and Gas Welding in Building 
Construction. 
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Highway Bridges: American Association of State 
Highway Officials Specifications for Highway 
Bridges. 

Railway Bridges: American Railway Engineering 
Association Specifications for Railway Bridges. 
Both bridge specifications are to be used in connec- 
tion with the AMERICAN WELDING Society Specifi- 
cations for Design, Construction, Alteration and Re- 
pair of Highway and Railway Bridges by Fusion 
Welding, whenever that technique is involved. 

Special Purposes: Such special specifications as may 
apply. 


It should be noted that all these specifications, in many 
respects, were evolved with primary reference to rolled 
structural sections, and that the wider use of tubular 
sections in these fields would probably require, and 
eventually result in, the setting up of special specifica- 
tions with the modifications and supplements necessi- 
tated by such sections. 

A few points in these aforementioned specifications 
seem to deserve special emphasis. The first one refers 
to butt welds in tension, still penalized by a reduced 
allowable stress compared to that for base metal, a clause 
that merits strict attention in design of connections and 
splices so as to avoid uneconomical use of material. 
Stresses in fillet welds are to be considered as shear on the 
throat, for any direction of the applied stress. 

The other point concerns the specified allowable col- 
umn stresses, which apply to tubular sections only if 
the ratio of metal thickness to radius (t/R) does not fall 
below a certain definite limit, insuring against local 
buckling or wrinkling taking place before the column 
fails as a whole. This particular subject has been thor- 
oughly investigated by Prof. W. M. Wilson‘, who 
summed up the test results in the following statements 
relative to the strength of columns of cylindrical shells 
fabricated with butt weld joints, if straight and free from 
other geometrical imperfections: 


1. The wrinkling stress (the ultimate load divided by 
the area of a transverse section) for plates '/, in. or more 
in thickness will be equal, approximately, to the yield 
point of the material, if the latter is 33,000 psi. or less, 
and if ¢/R is 0.015 or more. 

2. The wrinkling stress increases slightly with an in 
crease in t/R above 0.010. 

3. The wrinkling stress decreases rapidly with a de 
crease in t/R below 0.010. 

4. For the same ¢/R, and the same material, the 
wrinkling stress is considerably less for a thin than for a 
thick plate, due, probably, to the fact that the geo- 
metrical imperfections are greater, relatively, for thin 
than for thick plates. 

5. A cylindrical shell for which //R is 0.015 or more 
can be subjected to considerable localized axial strain 
without having its load-carrying capacity reduced. 

6. Diaphragms do not appear to increase the wrink- 
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jing stress of thin cylindrical shells loaded as columns. 
- The usual design formula for the more conven- 
tional types of steel columns would appear to be applic- 
able to cylindrical shells fabricated with butt welds and 
joaded as columns, if the plate is '/, in. thick or more, and 
ff the {/R ratio is 0.015 or more. 

Obviously, the usual pipe sizes are well probably too 
well-—within this limit, which would therefore normally 
affect only very wide or very thin sections. 

For values of t/R less than 0.015, or D/t greater than 
133.3, the specified allowable column stress must there- 
fore be decreased by multiplication with a reduction 
coefficient, given in the A.W.W.A.-A.W.S. Standard 
Specifications for Elevated Water Tanks, Standpipes 
and Reservoirs, as: 

2/,(100 t/R)[2 — (?/s)(100 t/R)| 


As disclosed by these tests, tubular sections as com- 
pression members can thus obviously be made relatively 
much thinner than other sections; or, in other words, 
the same amount of material can be distributed further 
away from the center of gravity with resulting greater 


efficiency. This points clearly to the superiority of 
tubular sections, especially for large and long unbraced 
columns, a fact that has already been taken advantage 
of in practice and undoubtedly will be more so in the 
future. 


Construction 


As long as rivets, bolts or special mechanical fittings 
were the only means of connections, the greatest obstacle 
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to the utilization of tubular members in structural work 
was the difficulty in realizing economical and technically 
adequate connections and joints. Riveting or bolting of 
tubes in their original shape is practically impossible, 
unless the dimensions are large enough to permit interior 
access; and to be practicable for ordinary sizes would 
require flattening of the tube ends. This method, al- 
though useful for joints carrying small loads, especially 
in temporary structures, is obviously otherwise generally 
unsuitable. Connections by means of specially shaped 
jointing pieces are equally 

It was only with the advent of welding that it became 
possible to connect tubes together or to other members in 
a convenient and practically satisfactory manner. 
immediately obvious method, and one commonly used, 
is to weld the tubes directly to one another, having previ- 
ously shaped them to fit, Fig. 2. Formerly, this was 
done by first developing templates for tracing the cutting 
lines on the pipes, a more or less tedious procedure. To- 
day, there are several types of oxyacetylene pipe-cutting 
machines on the market, which do a smooth and accurate 
cutting job in a fraction of the time that was previously 
required.” 

Notwithstanding such facilitation of the preparatory 
work, these simple joints have some serious limitations. 
They require close fitting to realize proper welds. They 
are obviously restricted to smaller forces, as the local 
stresses set up in the usually thin tube walls would, if 
not otherwise strengthened, become excessive. This may 
be remedied by using reinforcing sleeves or by inserting 
stiffener plates between the tubes at the joints. 

Another disadvantage of these profile joints is the 
change in the cross section of the weld, varying all the 
way around the circumference of the joint, Fig. 2, from 
an acute to an obtuse angled fillet weld, at a and 3, re- 
spectively, with all intermediate shapes in between. 
This makes it difficult to ensure welds of uniform strength 
and to check them for proper size with gages. It also 
renders somewhat dubious the usual method of calculat- 
ing the strength of the welds, since their cross-sectional 
area is not constant, and the length of the weld, being a 
curve in space, is rather troublesome to determine ac- 
curately.!° 

Lastly, there is a danger of the tubes being improperly 
centered before welding, with resulting eccentricity in 
the joints. And even with perfect alignment, the axes 
of the connecting members, although theoretically meet- 
ing in one point, do intersect in metal-empty space, 
thus inevitably setting up bending moments, a feature 
apparently frequently overlooked. 

These aforementioned disadvautages are especially 
noticeable in joints connecting many tubular members, 
with the added objection that excessive overheating may 
occur because of the large number of welds in one place. 

When of inadequate capacity these direct profile joints 
must be reinforced with gusset plates, as shown in Fig. 3, 
inserted in slots in the pipes and fillet welded to them 
along the edges. Sometimes the gusset plate does not 
extend through the main tube, but is attached to its 
near wall only, Fig. 4; this arrangement is obviously less 
satisfactory. Such combined profile and gusset plate 
joints are very effective, but rather costly. 

Simpler, but unfortunately, also laterally less rigid 
gusset plate joints may be obtained by omitting the direct 
connections between the tubes and welding them to the 

late alone. The tube ends must be sealed against 


internal corrosion, which may be done by cutting wedge- 
shaped slots in the tubes and bending the forked ends 


down on the gusset plate and then fillet welding all 
around, Fig. 5. 
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Several structures have been built with a combination 
of tubular and rolled sections, particularly tees, as for jp. 
stance, in roof trusses with L-chords and pipe webbiy 
thus giving rise to the problem of suitable joints betwee, 
tubular and rolled sections. The above-mentioned ty 
of gusset plate joints are, of course, equally applicable 
in this case, with the web of the tee serving as gusset 
If the web is not deep enough to provide the required 
lengths of fillet welds, it may be extended by butt welq. 
ing supplementary plates of the same thickness, or the 
tees may be cut from beam sections in such a manner as 
to include gusset plates, as indicated in Fig. 6; this makes 
it possible also to obtain tees more suitable for compres. 
sion members, i.e., sections with equal moments of jn. 
ertia for both axes, but involves some waste of material! 

Numerous other ways of assembling tubes to flat 
sections have been proposed." One method is to flatten 
the end of the tube, which is then readily joined by weld. 
ing toany other member. Figure 7 shows such a connec- 
tion of a flattened tube and two angles, suggested by H. 
H. Moss," requiring but three simple welds at each joint 
of this type. The weld at a would join the tube solidly 
to both angles and also tie the angles together at that 
point. The welds at 6 and c would join the toes of the 
angles to the tube wall. A significant feature in the 
economy of this assembly is that for the weld at a no 
preparation normally would be required, since the 
flattened end of the tube would be cut off square. 
Figure 8 shows the adaptation of such joints to roof 
trusses with two-angle chords and pipe web members. 
Figure 9 shows similar joints for L-chords, and Fig. 10 
shows the same principle applied to a welded intersection 
of tubular members. 

Largely similar joints were also suggested by C. F. 
Keel,"* as shown in Fig. 11. 

Somewhat different ideas are involved in a method of 
joining tubes developed by A. K. Mosley," and registered 
as the ‘““Mosley Welded Stamped Tubular Construction.” 
The general principle of this design is illustrated in Fig. 
12, indicating the overlapping of all members, so that 
the total thickness of metal at the joint is equal to twice 
the combined wall thickness of all the tube members, 
plus the thickness of eventual gusset plates. 

E. Vom Steeg™” developed a design for tubular joint 
illustrated in Fig. 13, showing the use of a gusset plate 
extending through the chord tube with the slotted, flat- 
tened ends of the other tube members fillet welded to the 
plate. This method is thought to avoid the necessity for 
cutting the tubes to very close tolerances, thus reducing 
both fit-up and preparation time. 

A design of a simple truss with a single, continuous 
web member, suggested by F. A. Weitzel,'*- is shown 
schematically in Fig. 14. The web member is a tube 
which has been flattened at predetermined intervals, 
slotted and bent to form the web framing. The upper 
chord members are L-sections made by splitting I-beams 
diagonally for the purpose of providing increased area 
where required by larger stresses. An interesting fea- 
ture of the design is that it reduces the number of pieces 
in a truss to three. 

These aforementioned special joint designs suffer from 
the weakness inherent in drastic changes of the shapes of 
the members, always objectionable. The majority of 
them are also less rigid laterally, lacking the stabilizing 
effect of the tubular shape at the joints, where it is most 
needed. Apparently, they are suitable for but light con- 
nections. Moreover, it may be questionable, whether 
the combination of tubular and rolled members in itself 
represents more than a temporary, compromiise solution. 
It foregoes the appreciable saving in weight obtainable 
by the use of tubular members for compression chords; 
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and it seems in many cases rather doubtful whether the 
saving, accruing from tubular web members alone, war- 
rants their substitution for other sections. 

Most of the difficulties and objectionable features af- 
fecting the joints, so far outlined, seem to have been 
overcome or eliminated by the spherical joints proposed 
by A. F. Burstall,’° H. Kennedy’® and R. A. Smith.!° 
In this design the tubular members are joined by welding 
them to a common intermediate piece in the form of a 
hollow sphere, to the surface of which each of the tubular 
members is connected at right angles, the line of contact 
being a circle, as shown in Fig. 15. Consequently, the 
tubes are cut off square, requiring only beveling of the 
edges when desirable for heavier wall thicknesses, and 
the section of the weld between tube and sphere is the 
same all around the circumference, simplifying welding 
operations and checking of the finished welds. The 
authors recommend that the diameter of the sphere 
exceed that of the widest tube affixed to it by at least 
50%; or where a number of tubes are to be joined, that 
it be large enough to avoid overlapping of the members 
and permit them all to be welded directly to it; and fur- 
thermore, as a rough and ready rule, until more tests 
are available, that the wall thickness of the spheres be 
not less than one-and-a-half times that of any tube to 
which they are connected. 

Where two tubular members are to be joined, the 
sphere may be drilled and slipped over one of the mem- 
bers, as in Fig. 16, and the other then affixed to the 
sphere in the regular manner, as in Fig. 15, or as shown 
in Fig. 17. In some cases the sphere may be provided 
with locating collars, as in Fig. 18, for easier erection. 
Figure 19 shows a cluster of tubes welded to a sphere. 

The spheres may be fabricated by welding together 
two hemispheres, drop-forged from plates; or steel cast- 
ings may be used. 

The authors also conducted some tests on such spher- 
ical joints with three tensile specimens made from short 
lengths of tubes having outside diameters of 1, 2 and 3 in., 
welded to 4-in. spheres of */;.-in. wall thickness. All 
specimens broke in the tubes away from the welds, which 
later showed no sign of failure, demonstrating that the 
full strength of the tubes can readily be developed by 
these joints. 

In order to facilitate actual design, tables of the weights 
of hollow steel spheres of various diameters with different 
sizes of holes were prepared by the authors, who also in- 
cluded tables showing the least possible angle between 
two tubes at a spherical joint for different sizes of spheres 
and tubes. From these tables the minimum size of 
sphere for any joint can quickly be determined. 

These same authors also suggested as a possibility— 
and apparently they considered it no more than that— 
a joint between tubes, using polyhedral joint pieces, made 
up of a welded, bent plate assembly, to which the various 
tubes are connected, as indicated in Fig. 20. 

The foregoing is a brief, summary review of tubular 
joints, as actually used, or as proposed. When the 


joints are mere splices, the two members, if of equal qj. 
ameter, are usually simply butt welded, without or wit) 
a short backing ring, which may be expedient in many 
cases. If the abutting wall thicknesses differ too much, 
it may be necessary, or desirable, to bevel off the heavie; 
one to insure a smoother stress flow. If the pipes are of 
unequal diameters, the ends may be flared or tapered to 
obtain the same diameter at the joint, or a conical trangj. 
tion piece may be inserted. If the pipes telescope, they 
are fillet welded around the overlapping edge, with plug 
welds added if required. Pipes have also been spliced 
by means of an intermediate, transverse plate welded to 
both tubes; this arrangement has the familiar defect 
of kinky stress paths. 

When simple butt weld splices are inadequate, they 
may be placed at an angle of 45° with the axis, or a her- 
ringbone pattern may be used; or they may be reinforced 
by plates, either a single plate or, if extra stiffness is re- 
quired, by a plate assembly in the form of a cross, 
inserted in slots in the tubes and welded to them: or a 
sleeve may be slipped over the joint and fillet welded to 
the tubes at both ends. If the splice is located at a joint 
of the gusset plate type, care must be taken not to over- 
stress the plate; usually, however, it will be simpler to 
locate the splice away from the joint. 

Welded tubular structures, as all welded constructions, 
require certain rules to be followed with respect to pro- 
cedure and sequence of welding so as to keep locked-up 
stresses as low as possible. The proper welding order, 
which will vary for the various structures, should always 
be carefully planned and designated beforehand. 

The means and methods of tubular structural construc- 
tion are evidently still a fertile field for engineering in- 
genuity; and any improvements and simplifications will 
greatly contribute to the wider use of tubular members in 
this field. 


Comparative Features 
Statical Effectiveness 


The relative merits of tubular sections for structural 
members are, of course, largely dependent upon the type 
of stress to which such members are subjected, whether 
tension, bending, compression, torsion or combinations 
thereof. 

Tension.—The required cross-sectional area of tension 
members depends only upon the allowable unit stress 
and upon the weakening, if any, of the sections at the 
connections or elsewhere. Suitable welded joints (note 
the penalizing of tension butt welds under current specifi- 
cations) are therefore in this respect, because of the ab- 
sence of holes, more economical than riveted or bolted 
connections. Otherwise, assuming the same allowable 
stress, tubular members offer no economy in weight, ex- 
cept perhaps for savings in small members, where for 
instance, two angles, although excessive in area, are 
used to maintain symmetry; or where one angle is used 


Table 1 


Rolled Sections 
A 


In.4 


32.3 
39.5 
56.4 
56.9 


Theoretical Tubular Sections— 
D/t = 40 

D t 4 S 

In. In. In.4 In.? 


6.62 0.17 
7.07 0.18 
8.08 0.20 
8.35 0.21 
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of which but a part can be considered effective; or 
where required minimum sections result in excess weight. 
Nevertheless, tubular sections have also as tension mem- 
bers an appreciable, indirect superiority in their simul- 
taneous, greater bending and torsional resistance. 

Bending.—Tubular sections are obviously not par- 
ticularly suitable for “beams,” i.e., for members subjected 
to bending in their major principal plane, compared 
to the, in this respect, more efficient rolled beam and 
channel sections. Evidently, the bending strength of 
tubular sections can be increased considerably by adopt- 
ing higher and more effective diameter-—thickness ratios 
than those now usual, as illustrated in Table 1 by a com- 
parison of four typical rolled beam shapes of the same 
depth (8 in.) with theoretical tubular sections of the 
same respective weights for various diameter—thickness 
ratios. Nevertheless, such possible improvements not- 
withstanding, round tubular sections will usually not 
qualify for bending members proper. 


However, where bending is caused by oblique, trans- 
verse forces, as for instance, in purlins from vertical 
loads, or in girts from combined action of wind and 
gravity, the efficiency of rolled beam and channel sec- 
tions decreases with increasing angle between the plane 
of bending and web, until at a certain angle tubular 
sections become superior. These latter do therefore 
merit consideration in such cases, as they also obviate 
the need of sag rods, which are an eyesore, and of relying 
upon the staying effect of the roofing (siding), which can- 
not always be taken for granted. 

Where bending can occur in any direction, as in cer- 
tain structures subjected to wind, tubular sections, being 
equally strong in all directions, are, of course, indis- 
putably superior. The same, obviously, also holds for 
bending accompanying compression in columns (buck- 
ling). 

Compression.—The safe stress in compression mem- 
bers, as well known, depends upon the slenderness 
ratio; the greater this ratio, the less effective is the 
utilization of the material. Of different cross sections 
of equal area the most favorable are, therefore, those with 
the greater moment of inertia. 

Tubular sections as compression members require for 
the same strength the least material and possess at the 
same time much greater resistance to torsion and also to 
all-sided bending than other sections. This superiority 
is, of course, due to their geometrical shape, with the 
material distributed uniformly and farthest possible 
away from the center of gravity, giving the same moment 
of inertia, the same radius of gyration and the same 
strength in all directions. This, obviously, is a decisive 
advantage over rolled structural sections with their 
principal planes of maximum and minimum strength, 
with the weaker one usually governing. Furthermore, 
as already mentioned, tubular sections are proportion- 
ately much stiffer against local buckling, and can there- 
fore, without thereby impairing their strength, be made 
considerably thinner than rolled sections, which in this 
respect are rather sensitive and consequently subject 
to stricter dimensional relations. The tubular shape 
therefore permits utilization of the material to the fullest 
extent consistent with other sound requirements dic- 
tated by welding and corrosion considerations. 

The substantial savings in weight realizable with tubu- 
lar over other compression members are thus primarily 
due to the fact that tubular sections offer with smaller 
areas equal or greater radii of gyration, resulting in lower 
slenderness ratios and consequently higher allowable 
unit stresses. 

The savings in each particular case will, therefore, 


where stresses govern, depend upon the specified per- 
missible stresses for the original and the resulting 
slenderness ratios; and where required slenderness ratios 
govern, as is often the case for small forces and long 
members, the savings will depend upon the differences 
between the areas of tubular and of other sections pro- 
viding a ratio at or below the specified maximum value. 

It will be remembered in this connection that previous 
column formulas specified—and many still do—15,000 
psi. as the maximum allowable stress for slenderness 
ratios of 60 or less, and that therefore no economy was 
then to be derived from going below that ratio. Current 
formulas generally permit somewhat higher stresses for 
shorter columns, but the savings feasible in this range are 
rather small, amounting for instance, based on the A.I.- 
S.C. specifieations, by a reduction in slenderness ratios 
from 60 to 30 to less than 8%, and no appreciable, extra 
economy would be gained by any further reduction. 
As the slenderness ratio for main members must not 
exceed 120, this would result with the specified stresses 
in a maximum theoretical saving in column sections, by 
this means, of approximately 40%. 

For other slenderness ratios the savings would be 
correspondingly less, amounting to 26.6% for a reduction 
from 100 to 30; 16.1% from 80 to 30; and 7.9°% from 
60 to 30. The savings in weight feasible in main com- 
pression members by substituting tubular for other sec- 
tions will therefore vary greatly with the slenderness 
ratios, being greatest for slender columns. In bracing 
and secondary members with a permissible maximum 
slenderness ratio of 200 (A.1I.S.C. Specifications), and in 
all cases where required slenderness ratio alone governs, 
these savings may go considerably higher. Tubular 
sections are therefore very economical in weight in all 
such members, characterized by small forces in relation 
to their lengths. 


Another contributing factor to the economy of tubular 
columns—as well as all other tubular members—is the 
absence of all lacing, battening and assembly work proper 
(in butt welded tubes this work comes more under the 
category of manufacturing than fabricating, and adds 
nothing to the weight anyway), which for built-up mem- 
bers represent an appreciable expense of extra material 
and labor, and also result in such columns being not quite 
as strong as comparable tubular sections. Although the 
more recent use of perforated cover plates instead of 
lacing and batten plates has somewhat minimized this 
disadvantage, it nevertheless remains an important fac- 
tor. 

A further factor is, of course, the considerable savings 
in connections and joints and also the compound savings 
resulting from the over-all reduction in the dead load for 
which the structure has to be designed. This, obviously, 
benefits all members and not only those in compres- 
sion. 

Comparisons, demonstrating the superiority of tubular 
over rolled structural columns, are readily available, 
and anyone with a handbook of steel shapes at his 
disposal can make his own. However, it should be 
emphasized that so many factors are involved and so 
much depends upon the basis and the conditions for 
which the comparisons are made—as already intimated— 
that it is evidently impossible to reduce the complicated 
relations to some simple, all-embracing ratios. These 
comparisons should therefore be considered more as 
illustrative than definitive, and as such they can be most 
instructive. 

Following is a comparison of four typical structural 
columns with tubular sections of the same respective, 
over-all dimensions and weights.” 
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Tubular Sections— 


I (Min.) D t I 

Section In.? In.4 In. In. In.‘ 
4x4M13.8 3.99 3.6 4 0.36 6.8 
5x5M 18.9 5.47 7.8 5 0.38 15.0 
6x 6M 22.5 6.66 12.2 6 0.38 27.0 
8x8M 34.3 10.00 35.1 8 0.41 72.5 


The restriction of maintaining the same over-all di- 
mensions for the tubular as for the other sections results 
here in relatively heavy metal thicknesses for the former, 
which obviously do not render them full justice. The 
diameter—thickness ratios for the 4, 5, 6 and 8-in. tubes 
are 11.1, 13.1, 15.8 and 19.5, respectively, thus rather 
on the low side. Higher and more efficient ratios would 
have made the superiority of the tubular sections still 
more marked. 

A number of roof trusses have been designed with tubu- 
lar members. The following comparisons (Tables 3 and 
4) of typical two-angle compression members, one lighter 
and one heavier, with tubular sections of the same respec- 
tive weights for various diameter—thickness ratios may 
therefore be of interest. These variations were included 
merely to demonstrate the increasing effectiveness of 
these sections with greater such ratios, disregarding 
here any objectionable results from the larger surfaces 
and connections. 

H. Gerbeaux'® suggests as a coefficient, for comparing 
the efficiency of various sections as compression members, 
the ratio of the square of the minimum radius of gyration 
to the area, or K = r*/A, and also gives the comparative 
values for a number of specific sections. 

Recalling the A.I.S.C. column formula for main mem- 
bers (slenderness ratio, //r < 120), specifying an allow- 
able stress in pounds per square inch of: 


¢ = 17,000 — 0.485 P/r’ 


it will be seen that by multiplying with the area A, the 
allowable load becomes: 


P = 17,000A — 0.4855 A = 17,0004 — 0.485 5 
r r/A 
Thus, for the same length and area the strength of a 
column depends upon the cross-sectional ratio r°/A, 
and is greater the greater is this value. Although the re- 
lation is not one of direct proportionality, it nevertheless 
has its illustrative merit. 

This K-ratio depends for round tubular sections solely 
upon the diameter—thickness ratio, n = D/t: 


™/,(D? — d?) D? — 
where D and d are the outside and inside diameter, re- 


spectively. Substituting d = D—21¢(t¢ = wall thickness) 
and D = nt, 


1 1 n—1 


from which the following values result: 


D/t = n = 10 K = 0.36 
20 0.76 
30 1.16 
40 1.55 
50 1.95 
60 2.35 
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Sections Lb./Ft. In.? In.‘ In. 
2Ls—4x 3x ?/; 

nN 17.0 4.96 7.92 1,2 
, D/it=10 D=4.19 17.0 4.96 9.63 1.39 
t. = 0.42 

3 D/t = 20 D = 5.76 17.0 4.96 18.63 1,94 
t = 0.29 

D/t=40 D=8.05 17.0 4.96 28.17 27, 
t = 0.20 

& D/t = 60 D = 9.82 17.0 4.96 57.78 3.41 
= 0.16 


The K-ratios for rolled sections will vary greatly, de- 
pending upon size and thickness; taking, however, 
somewhat arbitrarily, the averages, and noting that 
the range within each group may be about 50% either 
way, the following comparative values result: 


C Channels K = 0.10 
I I-Beams 11 
I WF-Beams 19 
L Equal Angles 21 
1 STI Tees 


4t Two Equal Angles 
JL Two Unequal Angles 
1 ST WF Column Tees 
I WF Columns 

. ST WF-Beam Tees 


The superiority of tubular sections is therefore manifest. 

F. Leonhardt® presents an interesting comparison, 
Table 5, of various rolled and built-up columns with 
tubular sections of the same strength and of about equal 
outside dimensions, based upon an original slenderness 
ratio of 1/r = 100. 

As the figures have only relative significance, the 
original units were retained. It may be well to point 
out that the relatively greater savings in weight in favor 
of tubular sections, shown in this case, as in many other 
examples originating abroad, are to some extent, at 
least, a result of the pertinent column specifications, 
which, compared to ours, call for more drastic reductions 
in the allowable stresses with increasing slenderness 
ratios. 

Torsion.—It is axiomatic that tubular sections are 
ideal for resisting torsion, while, on the other hand, rolled 
sections are decidedly inefficient in this respect, and, 


bo 
bo 


Table 4 
A I r 

Sections Lb./Ft. In.? In. In 
2 Ls—6x 4x 
= JL 47.2 13.88 49.0 1.88 

D/t=10 D= 7.01 47.2 13.88 69.8 2.24 
t = 0.70 
9.64 47.2 13.88 145.9 3.24 
5 t = 0.48 
D=13.46 47.2 13.88 299.1 1.64 
3 t = 0.34 
2D/t=60 D=16.42 47.2 13.88 452.3 5.71 
t = 0.27 


moreover, the resulting stresses as well as their deriva- 
tion are highly involved. 


As well known, the maximum shearing stress, Tmax, 11 
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Table 5 
Rolled Sections Tubular Sections 
Weight, Rad. Length Wall Rad. Sav- 
Kg./M. Gyr. for All. Outside Thick- Gyr. ing in 
Main De- *, l/r = 100 Load, Diam., ness, r, Weight, Steel, 
Section Sect. tails Cm. M. Tons Mm. Mm. Cm. Kg./M. % Notes 
L  100/100/12 17.8 ... 2.0 2.0 13.5 100 4.0 3.42 9.43 47 Steel: St 37 
I NP 20 26.3 wen 1.86 19.5 200 2.3 6.92 11.0 58 All. Stress o = 14 
kg./mm.? 
I P 40 164 <3 on 7.50 124.0 400 8.6 13.8 83 49 
c NP 20 25.3 oe 2.14 19.1 200 2.3 6.92 11.0 6 
100/100/12 35.6 3.8 3.80 3.80 26.9 250 2.7 8.76 16.05 58) 
JC C20 50.6 8 1 6.14 6.14 37.4 200 Py 6.92 37.8 35 Larger savings possible 
II 120 52.6 9.0 8.0 8.0 39.7 250 6.8 8.82 41 33 | by larger diameters 
| 
100/100/12 71.2 28 17.4 17.4 ae 28 | 
L 80/80/8 38.4 16 400 3.0 50 h/n = 50 


| 


round tubes, subjected to a torsional moment, or torque, 
is: 


/16 
where D and d are the outside and inside diameters, re- 
spectively. 

|For square, rectangular or any hollow tube of wall 
thickness small in comparison to the distance of the wall 
from the center of gravity of the tube, the formula pro- 
posed by R. Bredt” will give fairly accurate results: 


T max . = 


T 


where 7 is the shearing stress in pounds per square inch, 
M is the twisting moment in inch-pounds, / is the wall 
thickness of the tube and A is the area bounded by the 
center lines of the tube walls. | 

For thin rolled sections with well-rounded fillets, A. 
Féppl"* gives an approximate formula for the shearing 
stress caused by torsion: 


Mi -b max. 


where h and 6 are the length and width of the single 
rectangles making up the cross section, and 7 is an em- 
pirical shape coefficient found by tests to average: 


Shape: L u 1 I I 
”: 0.99 1.12 1.12 1.31 1.29 


These formulas are based on twisting moments acting 
only at the end sections of the members (pure torsion). 
If they act also at intermediate sections, the assumption 
of absent longitudinal stresses, upon which the deriva- 
tion of the formulas was based, is no longer valid. The 
formula for round tubular sections remains exact, but 
in the case of rolled sections composed of narrow rec- 
tangles, considerable bending stresses are set up, essen- 
tially affecting the whole stress condition. 

Nevertheless, the two formulas for round tubular and 
rolled sections will give an indication of their respective 
torsional strengths. Comparing two sections of the 
same area, the twisting moments that can be resisted for 
the same shearing stress, 7, are: 

Tubes: D t= 4D t= 4A 57 


Tmax. = 
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where the letters have the same significance as before. 
Placing, as an approximation, r?/D equal to D/8, M,’ 
becomes: 
= Ar 


2 


Rolled sections: = = A r 


3 max 
where p is the percentage share of the whole area repre- 
sented by a component rectangle. 

As the thicknesses, 5, are usua}ly some fraction of an 
inch, it is readily seen that the twisting moment sus- 
tained by rolled sections is relatively negligible compared 
to that resisted by tubular sections of the same area and 
for the same stress. The vast superiority of tubular 
over rolled sections in torsion is therefore manifest. 

Since torsion is always present, more or less, in every 
structure, the great resistance of tubular sections to such 
forces contributes largely to the high rigidity characteris- 
tic of tubular structures. 

Combined Stresses.—Simple, idealized stresses do sel- 
dom occur in practice, a fact often conveniently ignored 
in structural design. There is always a combined action 
with one or the other type of stress predominating. 
Tubular sections, in such cases, will be superior in pro- 
portion to the extent those types of stresses prevail, for 
which these sections are especially suitable, as briefly 
set forth in the foregoing. By and large, therefore, 
statical preference would generally be in favor of tubular 
sections. 

Thus, nature, which still can teach man a lesson in 
structural engineering, has achieved some remarkable 
feats by employing tubular sections; witness, for in- 
stance, the tall bamboos with their diaphragm-rein- 
forced joints, and, on a smaller scale, the common 
straw, with diameters of but °/s2 to °/1¢ in., carrying ec- 
centrically heavy ears of grain at a height of 4 to 6 ft., 
and in addition withstanding raging winds.’ 


Wind Resistance 


The wind-resisting area presented by tubular sections 
is, in itself, usually considerably smaller (it is larger in the 
case of long and laterally unbraced tubular columns, such 
as used in elevated tank construction) than that of other 
sections; moreover, the cylindrical surface offers less 
resistance to wind than the plane surfaces of rolled sec- 
tions, resulting for equal projected areas in wind forces 
one-third less. This fact, benefiting all unprotected 


109-s 


r 
In, 
1.2 
1.39 
1 94 
3.4] 
M 
‘ 
ns are 
rolled 
, and, 
r 
In. 
1.88 
94 
3.24 
1.64 
5.71 
eriva- ; 
: 


tubular structures, is of especial importance in tall, nar- 
row structures, such as masts and towers, where wind 
stresses frequently govern the design. 


Corrosion 


The question of interior corrosion endangering the 
safety of tubular steel members, not large enough to ad- 
mit access for inspection and maintenance, has repeatedly 
been raised. No deterioration, however, will take place 
in a hermetically sealed cell, if not too big, because the 
oxygen available in the interior will mostly be chemi- 
cally bound, and, if free, would not be present in suffi- 
cient quantity to cause any appreciable damage. The 
chemically active agents would therefore be absent, as 
would moisture-containing dust layers and the mechani- 
cal and chemical action of rain, wind and ice; in brief, 
all the usual corrosives. Moisture contained in the en- 
closed air might condense at sufficiently great differences 
between inside and outside temperatures; however, such 
required temperature differences hardly ever occur, and 
if they do, the condensations would be too slight to form 
drops and would be harmless anyway because of the ab- 
sence of sufficient oxygen.® 

Watertight and preferably airtight closing of all tubes, 
even by otherwise superfluous welds, must therefore be 
considered an indispensable principle of tubular, struc- 
tural technique. However, small deficiencies in this re- 
spect would hardly result in any danger of internal cor- 
rosion, as long as the openings are not large enough to 
permit air circulation and currents. It has been known 
for a long time that, in box plate girders, the enclosed air 
causes no oxidation as long as there is no communication 
with the outside air. 

Nevertheless, it has been recommended as an added 
safeguard against interior corrosion to provide, whenever 
possible, the inside walls with a coating of approved 
metal protection. Small holes, fitted with tap-screws, 
have also been suggested as affording means for intermit- 
tent checking of the condition of the inside surfaces. 
Other expediencies for the maintenance of tube in- 
teriors have also been proposed (see Bridges). Occa- 
sionally, the tubes may be filled with concrete for in- 
ternal protection, when not otherwise affecting the 
economy of the structure. 

The apprehension of internal corrosion in closed tubes, 
not large enough to admit inside access, seems, therefore, 
in the consensus of the various authors, to be unfounded; 
the inside surfaces of such sections have also been found 
free from rust even when not painted. When the tube 
dimensions are large enough to be accessible, such threats 
of dangerous corrosion obviously are non-existent. 

As to external corrosion, tubular steel sections are, of 
course, exposed to the same dangers as all steel. How- 
ever, the smooth, convex surfaces, offering no resting 
place for moisture and dirt to accumulate; the absence 
of sharp corners and edges and also of narrow spaces 
between adjacent steel surfaces, always particularly 
vulnerable to corrosion; the usually smaller and more 
compact sections in tubular construction, presenting 
considerably less surface area open to attack; and the 
fact that but one single surface is exposed; all this should 
work out to the advantage of tubular over other struc- 
tures as far as external corrosion is concerned. Use of 
improved rust-resisting (copper-bearing) steel and fur- 
ther developments along those lines may also be men- 
tioned as additional safeguarding factors. 

Their better corrosion behavior alone may therefore 
in some cases recommend the use of tubular construction 
where corrosive conditions are especially severe, as in 
certain industrial buildings, smelters, locomotive round- 
houses, etc. 
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Maintenance 


The surfaces to be maintained and painted are fo, 
tubular sections considerably less than for other sections 
amounting often to but one-half. Ulbricht’ thus re. 
ports, for four tubular roof trusses of 39.4, 55.8, 63.9 
and 66.6-ft. spans, reductions in surface areas to be 
painted of 47.4 to 49% over conventional designs, 
Moreover, the convex, closed shape, with no sharp edges 
and narrow spaces difficult of access, results not only in 
longer life for the protective coatings, but also greatly 
facilitates the painting work itself. 

The smaller maintenance cost of tubular structures js 
therefore no insignificant item in their over-all economy, 


Economy 


Many factors enter into the true economy of a struc- 
ture: the initial cost of construction; the capitalized 
cost of recurrent expenses; the length of life that can or 
is to be expected; special features governing in specific 
cases. The most important item affecting the economy 
of tubular structures, now that the previous construc- 
tion difficulties have been largely overcome by means of 
welding, is undoubtedly the high cost per pound of the 
material, considerably in excess of that of rolled sections. 
Obviously, the more these relative price differentials are 
evened out, the more fully will the inherent, technical 
superiority of tubular sections be reflected also in corre 
sponding cost advantages, as clearly demonstrated by 
the many small, economical structures built from second- 
hand pipe, available at a discount. 

It should be noted, however, that the relative tonnages 
and cost of tubular vs. standard structural material repre- 
sent but part of the total comparative cost of construc- 
tion, and although usually supposed to favor conven- 
tional structures, that need not always be the case, as 
skilful design and detailing may in many instances 
largely eliminate and even reverse this cost differential. 
As to the other items making up the cost of construction, 
such as fabrication, assembly, transportation, erection 
and painting, tubular structures should readily hold 
their own or even better. It is therefore, as already 
emphasized, the over-all costs of competitive structures 
that must form the basis for comparison and decide the 
choice. In times of steel shortages the saving in metal 
alone might favor tubular construction. It is also to be 
expected that with the wider use of tubular material in 
structures, sections particularly applicable to such pur- 
poses would become available at lower production costs. 

Meanwhile, as long as the yet considerable disparity 
in prices of tubular and rolled sections prevail, this handi- 
cap in case of the former will have to be met, and over- 
come, by the savings in weight and other advantages 
realizable with this type of construction, as previously 
outlined. It may be added that the lighter tubular mem- 
bers are easier to handle; that transportation costs are 
less; and that the reduced weight is also reflected, to 
some extent, in savings in substructures. 

Obviously, the successful use of tubular members in a 
structure will be the more assured, the more that struc- 
ture is featured by conditions, which these sections are 
particularly well qualified to meet. Thus, greater sav- 
ings are feasible in structures like tall, narrow towers, 
where wind forces govern, with stresses alternating from 
tension to compression, than, for instance, in roof trusses 
where no appreciable savings can be effected in tension 
members. Mobile structures are, as far as economy is 
concerned, in a class by themselves, because the savings 
in weight are also reflected in continual, lower operation 
costs; a separate group is also temporary structures, 
where tfie members can be used over and over again. 
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Fig. 2\ 


Froor Truss 


The relative economy of tubular over other structures 
requires therefore comparative studies for each particu- 
lar case. Savings as realized in actual structures, or as 
indicated by design studies, will be referred to later under 
the respective structures. 

As a merely speculative possibility may finally be men- 
tioned the economies that might accrue, if but one single 
shape were generally used.!° 


Aesthetics 


Although aesthetics is somewhat of a moot question, 
it seems to be the general understanding that the smooth, 
curved surfaces do endow tubular structures with a neater 
and better appearance, especially in smaller structures, 
than obtainable with rolled sections. This argument is 
undoubtedly justified in some cases, particularly with 
respect to older structures, where messy lacing, clumsy 
details and spider-web bracing produced a confused and 
unsatisfactory picture; it seems, however, somewhat 
doubtful whether it will carry as much weight when ap- 
plied to modern structures, where aesthetic considera- 
tions have been and are being much more heeded than 
was formerly the case. 


Other Features 


Tubular sections are usually more compact than com- 
parable rolled sections, and consequently throw less 
shadow, a feature that may be of significance where 
maximum daylight is an important desideratum, as for 
instance, in roofing over courtyards, working rooms, etc., 
and also in greenhouses. 

Tubular sections also shed water more easily, the 
cylindrical surfaces and absence of pockets affording little 
opportunity for water to accumulate. This conserves 
paint, retards corrosion and reduces maintenance ex- 
penses, besides being, in itself, a desirable feature in 
connection, for instance, with sport (diving towers) and 
playground structures. The smooth surfaces also reduce 
the chances for injuries to persons using such structures, 
and their easy grip offers another advantage. 

Finally, the ability of tubular sections to serve dual 
purposes, i.e., in addition to their structural functioning 
to offer ready conducts and conduits, merits mentioning. 
This combination, in many cases, obviates the need of 
Separate carrying structures, a fact that often has been 
profitably utilized. 

Note: Literature references, except for a few specific cases, have 
been largely omitted in this chapter, because practically every 


author touches on the subject, and because the contents represent 
substantially the general consensus of all of them. 


Permanent Structures 


Tubular structures take in a wide and varied field, 
which for presentation purposes has been divided into 
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three main groups: permanent structures, temporary 
structures and equipment structures, with their respec- 
tive subdivisions. This arrangement is solely one of con- 
venience, and the adopted sequence reflects in no way any 
corresponding prevalence of tubular construction, nor is 
there any sharply defined delineation between the various 


groups. 
Bridges 


The inherent superiority of tubular sections, especially 
as compression members, was already early realized by 
bridge engineers, and two of the outstanding bridges of all 
times, the Eads’ Bridge over the Mississippi at St. Louis, 
completed in 1874, and the Firth of Forth Bridge, com- 
pleted in 1890, were built with their main compression 
members of this type. Although the tubular sections 
used in these two bridges are of the built-up type, and 
thus might not exactly come under the term as nowadays 
understood and as specifically appbying to this paper, a 
brief reference to these structures as two magnificent 
examples of what was accomplished with this type of 
sections more than half-a-century ago seems nevertheless 
appropriate. 

The Eads’ Bridge®® is a combined railroad and street 
bridge with three fixed, trussed arch spans of 502, 520 
and 502 ft. The arches, 12 ft deep, consist of tubular 
ribs, 18 in. in outside diameter, made up of heavy staves 
enclosed in a thinner riveted shell; special couplings and 
pin connections take care of the joints. 

The Firth of Forth Bridge” is a huge railroad bridge 
of the cantilever type with two long spans of 1710 ft. 
and two shorter spans of 680 ft., surpassed in size only 
by the much later Quebec Bridge. The bottom chords of 
the cantilever arms, 680 ft. long, tapering in spacing 
from 120 ft. at the skewbacks to 32 ft. 2 in. at the end 
posts, consist of tubular sections varying from a maxi- 
mum diameter of 12 ft. and a maximum thickness of 
1'/, in. to 6 ft. 6in. and */, in., respectively, riveted to- 
gether from bent plates. Compression web members are 
likewise tubular in section. The joints are riveted. 

Both these bridges represent great pioneering works 
with respect to design, construction, workmanship, as 
well as to the steel itself; and the fact that they both, 
after all these years, are still in service and for loads much 
heavier than those called for in the original designs, is a 
splendid testimony not only to the excellence of the tubu- 
lar structures themselves but also to the ability, in- 
genuity and resourcefulness of the engineers in charge. 

In connection with these early attempts to utilize the 
advantages of tubular sections in bridge construction, 
columns and truss members of hollow cast-iron sections 
and built up from Phoenix column segment sections may 
also be mentioned. These latter represent a riveted 
adoption of the tubular principle and were once quite 
extensively used. 
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Tubular sections are again beginning to re-appear jy 
bridge construction, although on a very smal] scale 
partly as supporting members in larger bridges anq 
partly as the main framework of minor structures. [t js 
most significant that this development coincides and ao. 
companies that of welding. 

Interesting examples of the use of tubular columns fo, 
supporting the roadway deck of an arch bridge, and for 
supporting the entire superstructure of a plate girder 
bridge, are found in two large modern Swedish street 
bridges.” * The columns are made of cold-bent plates 
butt welded together; they range in diameter from 19"/, 
to 27°/i6 in. and in wall thickness from '/2 to 1'/, in, 
depending upon their height and the loads imposed, 
The tubes are closed airtight at both ends by being fillet 
welded to cast-steel bearing plates and were given an in. 
side coating of bituminous oil on a primer of red lead 
paint. One-inch holes at top and base, fitted with tap 
screws, make possible future cleaning and protection by 
filling and subsequent draining with oil. The columns 
are not braced together and this absence of lateral brac 
ing contributes considerably to the neat and clean-cut 
appearance of the structures. The total tonnage of 
tubular columns amounts to several hundred tons. 

The only all-tubular bridge, found reported in the 
literature, is a small footbridge across the Trisanna River 
at Wiesberg, Austrian Tyrol,*: location very re- 
mote and very difficult of access, the last stretch being 
but a narrow path, making lightness and rapidity and 
convenience of erection the governing factors in the 
choice of design and construction. 

The bridge, Fig. 21, is 3.3 ft. wide and 46 ft. long, and 
was designed for a live load of 41 Ib./sq. ft. It consists 
of the two, 3.9 ft. deep, vertical trusses and the bottom 
lateral truss, all of the Warren type with verticals; the 
panel length is 11.5 ft. The top chords serve also as 
railings. The floorbeams are trussed, with their bottom 
chords bent and continued up to the top chords of the 
main trusses, thus forming together with the vertical 
posts rigid frames, which serve to stay the compression 
chords and to stiffen the whole system. All main mem- 
bers are 0.20-in. thick 3-in. tubes; the bottom laterals are 
2.5 in., and the floorbeam stiffeners 1 and 2-in. tubes. 

The structure was shop assembled in three sections. 
To avoid as much as possible the setting up of undesir- 
able welding stresses, use was made of short sleeves 
slipped loose over the main tubes at the joints; the web 
members were then first connected to these sleeves, be- 
fore the latter in their turn were fillet welded in position. 
The bridge weighs about 2400 Ib. and was almost 50; 
lighter than a comparative riveted design of standard 
angles. As the cost of welding also was less than that o/ 
riveting, the structure, as built, was by far the more 
economical solution. To this must be added the lower 
maintenance expenses, less surface to be painted, and 
also, as claimed, the better appearance. 

The Sublet Bridge,” Wyoming, built by the Kemmerer 
Coal Co. as a service structure for hauling coal, repre- 
sents an example of partial use of tubular sections in 
bridge construction. It has a total length of 393 ft. 4 in., 
divided up in several smaller spans, and crosses a gully 
and highway at a height of 52 ft. It was built from old 
10-in. steel pipes and scrap rail, accumulated from vari- 
ous mines that had been closed down. As all of the old 
metal had already been written off the books, the cost 
of this bridge was but little more than the cost of elec- 
trodes and labor. 

Another example of reclaiming old pipes for useful pur- 
pose, a field that undoubtedly may offer many such op- 
portunities, is a highway bridge at Khodaung, Burma”, 
built by the Burma Oil Co. The bridge, 92 ft. long, 20 ft. 
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wide and 20 ft. above ground, consists of four spans 
resting on trestle work constructed from 10-in. second- 
hand pipes, welded together. 

The old established use of tubular sections for bridge 
railings, lamp posts, etc., is so familiar that it hardly 
needs emphasizing. It may be mentioned, however, 
that, although excellently suited for such use, tubular 
sections have in the later years, especially with the ad- 
vance of welding, had to face increasingly stiff competi- 
tion in this particular field from standard rolled shapes. 

Finally, the use of tubular sections as steel piles and 
steel cylinders for foundations, and, with larger diame- 
ters, also as caissons and even bridge piers, is here merely 
briefly mentioned as a wide and, to some extent, related 
field, although not forming a subject proper of this paper. 

G. T. Horton* presented a design for a 150-ft. high- 
way bridge, of a slightly modified King-post truss type, 
with tubular top chords, while the stiffened roadway 
steel floor plate acted as bottom chords. This */,-in. 
plate also formed the top chords of the 50-ft. latticed 
stringers, spaced 50 in. apart and framed into plate girder 
floor beams. Five longitudinal plates, 100 in. wide, 
each supported by two stringer trusses, made up one 
floor panel. Advantage was taken of the suitability of 
large tubular sections for long unbraced columns, thereby 
reducing the number of joints toa minimum. The esti- 
mated weight of the bridge structure compared favor- 
ably with that of conventional riveted designs. 

As evident from the foregoing available examples, 
the use of tubular sections in bridge construction has on 
a whole not reached beyond what properly may be 
called an experimental stage. As to the future, opinions 
and expectations seem to differ. Anyway, it is probably 
too early to venture any definite prophecy; but a few 
remarks bearing on the subject may nevertheless help 
to clarify the issues involved. As tubular sections are 
most effective in withstanding compression forces, their 
obvious use in future bridge construction would seem to 
be in trusses, provided the difficulties of heavier connec- 
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tions, especially in erection, could successfully be over- 
come, as welding of bridge trusses, particularly when sub- 
jected to considerable dynamic loads, is in itself still 
somewhat of a moot problem. 

Moreover, tubular trusses, like all trusses, would have 
to meet the extremely keen competition from the now 
more and more preferred solid beam and plate girder 
constructions, which today are used for unprecedented 
span lengths and which have greatly restricted the useful 
field of trusses. Whether tubular sections with their 
many inherent, indisputable advantages will be able to 
overconie all these obstacles and establish themselves in 
bridge construction remains therefore to be seen. 


Buildings 


Aside from the familiar cast-iron columns, Lally col- 
ummns and railings, tubular sections seem to have found 
as yet but little use in building structures, and then 
mostly in roof constructions. 

In this country such use appears so far to be limited 
to minor structures, such as sheds, small shops and light 
one-story buildings, and then largely to localities where 
second-hand pipe in good condition is readily available 
at a considerable saving in cost. 

Thus, a California agricultural association put up a 
box shed, 80 ft. in length, with 30-ft. trusses carrying an 
extra 8-ft. overhang to cover a loading platform, made 
from old pipe and entirely welded. Other examples are 
a rancher’s tool shed, 50 ft. long with 20-ft. pipe trusses; 
and an extension to a scrap dealer’s shop, using second- 
hand 2-in. pipe for truss members and 4-in. pipe for 
columns.’?- *° 

A further example of this type of construction is a 
welding shop in Wilmington, Col.* This shop is divided 
in two aisles by a center driveway! The columns at the 
outer sides and also at the sides of the driveway are of 
6-in. oil well drill pipe, which with its thick walls provide 
great strength. The main roof framing consists of 4-in. 
drill pipe, supporting purlins of 2'/s-in. boiler tubing. 
All joints were flame-cut to the proper fit. The 4-ft. 
high and 12-ft. wide center monitor is constructed of 3-1n. 
drill pipe for the longitudinal members and 2'/-in. tubing 
for uprights and bracing. 

An interesting feature of this structure is the fact that 
it can easily be taken apart and moved. Short 6-in. 
pipe stubs, embedded in concrete footings, have sleeves 
welded to the top, into which the columns fit and are 
held securely in place by bolts. By removing these, the 
structure is loose on its foundation and ready for cutting 
into sections and transporting to a new location. 

That this type of construction may also be applied to 
less utilitarian purposes is shown by a church meeting 
house built with tubular roof trusses of 70-[t. span, rest- 
ing on concrete piers. Second-hand 3 and 4-in. boiler 
tubes were used and all web members were profiled with 
simple mitre cuts to fit the chords. Open pipe ends were 
plugged and sealed against corrosion. The trusses were 
shop welded, trucked to the site and hoisted im position. 
This tubular structure resulted in a saving of one-third 
in cost over that for which it was substituted.” 

Obviously, the aforementioned structures are not par 
ticularly impressive or interesting in themselves, but are 
nevertheless valuable in illustrating the practical accom- 
plishments feasible by those simple means outlined. 

A more substantial structure of tubular construction 1s 
Stewart and Lloyd’s new warehouse for pipe products in 
North Sidney, Australia.* This building is divided into 
three aisles, two of 588 ft. and one of 564 ft. in length. 
The width of the aisles, or the distance center to center 
of columns in each, is 52 ft. The framework is entirely 
tubular, except for crane girders and eaves girders which 
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are of rolled sections. Some of the details are shown in 
Fig. 22. 

All members were welded and prefabricated in suitable 
sections in the shop for bolted assembly on the job. 
Wind and diagonal bracing is likewise tubular and was 
field welded. ‘The resulting structure is very rigid. 

Some interesting examples of tubular roof construction 
are reported from Warsaw, Poland.’ * One is the roof 
structure over the counting house of the Post Office 
Savings Bank Building. The parabolic trusses, spaced 
11.2 ft. apart and spanning 47.3 ft., are made up of 
4-beam chords and tubular web members. 

The curved top chord is made of one single piece— 
except for the field splice—and was shaped to the cor- 
rect curve by having small triangular pieces cut from the 
web at the joints and then bent to the proper angle and 
rewelded. Tubular web members were adopted because 
they would throw the least shadow on the painted glass 
work to be installed between the lower chords. They 
consist of 2-in. tubes of 0.20 in. thickness and were 
flame-cut and slitted to fit over the web of the chord 
sections, to which they were then fillet welded. At al- 
most every joint, because of the inclination of the tube 
members, one side of the slot was too short to allow a suf- 
ficient length of fillet weld; this was remedied by butt 
welding small extension plates to the 1-beam web. The 
tube ends butting against the 1-beam flanges were welded 
thereto, sealing the tubes airtight and protecting them 
from corrosion by water and moist air. Each truss, 
weighing 1482 Ib., was shipped shop welded in two sec- 
tions and then field welded in place. Figure 23 shows 
the truss and some details. 

The dome of this same building’ is also of tubular 
framework, a type of construction chosen out of many as 
the most economical, the saving in weight alone being 
nearly 50%. The simplicity of the preparatory work 
was a further advantage, as all rafters were made of a 
single bent tube, shaped to a template curved in the cen- 
ter and straight at both ends. 

Each ring purlin was bent to the radius of the dome 
sphere and welded on to the rafters. These rings are 
not placed in horizontal planes, but each portion repre- 
sents a segment of a great circle of the sphere, so that the 
tilt of each segment between two rafters will vary, being 
steep for those near the top and decreasing as lower levels 
are reached. 

The framework of this dome, 40.7 ft. in diameter, on a 
short cylindrical base, consists of 2-in. tubes, 0.20 in. 
thick, with the only exception of the base ring which 
is made from 1-section. The top joint, where 16 rafters 
meet, is made from a tubular ring, to which all rafters 
are welded. The curving of all tubes to the same radius 
considerably facilitated the work. All connections are 
welded. The roofing consists of a 1°/,,-in. thick concrete 
slab, supported on metal lath and covered with sheet 
copper. Figure 24 shows the dome in plan and eleva- 
tion. 

All-tubular roof trusses were likewise used for the 
plant of the Perun Co., also Warsaw, Poland.’ The 
span length is 41.5 ft. The upper chords consist of 
4-in. tubes and the lower chords of 2°/,-in. tubes at the 
ends and 1*/,-in. tubes in the middle part; transverse 
plates are inserted at the bottom chord splices. The 
bearings are welded assemblies of vertical and horizontal 
plates with stiffener ribs. Gusset plates were used at 
most of the joints. The purlins rest on saddles of split 
1-beams, cut to fit the tubes and welded thereto. Figure 
25 shows a truss and details. 

Tubular roof construction was also used for a chemi- 
cal plant in Paris. The area of the building is divided 
in units, 32.8 ft. square, and spanned with three-chord, 
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tubular trusses, the two upper chords consisting of 51/.. 
in. tubes with 0.16 in. wall thickness, and the bottom 
chord of a 1-beam. Figure 26 shows a typical lower 
panel point with 6 tubes connecting to the L-chord. 

A rather neat example of tubular construction in con. 
nection with the steel framework for another manufac. 
turing plant, designed by O. Bondy,’ is a canopy struc. 
ture, so arranged that all the tubular members are in com. 
pression. The joints are made by means of two gusset 
plates at right angles to one another, to which the tubes 
are welded. Figure 27 shows the general arrangement. 
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A further example of light tubular roof construction is 
that used by the Sociedad Espanola Oxigeno® in a shed 
for storing oxygen containers. The building has an area 
of 19 x 149.6 ft. and is divided in 8 bays with 9 trusses of 
19-ft. span. A 8.5-ft. canopy is added on one side to 
protect trucks. The trusses are made entirely of 
tubes, welded directly together, except at the columns 
where gusset plates are used. These plates are cut for 
insertion of the tubes and are bolted to the columns. 
Gusset plates are also used at the end joint of the canopy 
because of the acute angle between the tube members. 
I-beam purlins rest on small T-shelves welded parallel 
to the tubes. Each truss weighs 119 lb. compared to 
198 lb., or a saving in weight of 40% over a similar truss 
of rolled sections. Figure 28 shows the truss and some 
of the details. 
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Welded tubular construction has also been used for 
fire escapes, for instance, in an annex to the College of 
France.® In this case it consisted of a spiral stairway 
supported by a central, heavy tubular column and by 
three outside smaller pipe posts. The railing is also 
made from tubes, and the whole structure is very light 
and good-looking. 

Aside from the foregoing examples of actually built 
tubular roof trusses, comparative design studies of that 
type vs. conventional trusses will furnish interesting 
information and will help to fill out the picture already 
presented. 

F. A. Weitzel," in a study of welded pipe truss con- 
struction, presented comparisons of welded tubular 
and conventional, riveted trusses, for a light as well as 
for a heavier type. 
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The lightweight truss, of 38-ft. span, is shown in Fig. 
29; stresses and sections for the various members in the 
two designs are given in Table 6. 

Of the two figures given in some columns for the top 
chord of rolled sections, the upper one is for the vertically 
unbraced length of 7 ft., and the lower one for the lat- 
erally unbraced length of 14 ft. The two figures given 
under the area of rolled tension members are for gross (in 
brackets) and net sections, respectively. Gussets are 
*/,-in. plates and rivets */, in. in diameter. The tubular 


= 


= 


Fig. 27 


Fig. 29a—Riveted Truss 


Fig. 29b—Tubular Truss 


members are welded directly one to another with '/,-in. 
fillet welds. 

Channels were used for purlins in either case. In the 
riveted design they were bolted to 6x 4x'/2 in. clip angles, 
6 in. long; in the pipe design the connections were made 
as follows: an 8x 8 x'/: in. plate is fastened to the pipe by 
continuous welds; a 6x4x'/sin. clip angle, 6 in. long, is 
welded intermittently on this plate; the purlins are 
bolted to the outstanding leg of the clip angles. 

The total weights of the two trusses, exclusive of brac- 
ing and columns, are as follows: 


Riveted design: Rolled shapes 1609 Ib. 
Gusset plates 129 Ib. 


Rivets 47 Ib. 
Total 1785 Ib. 
Tubular design: Pipe sections 1260 Ib. 
Weld metal __ 7h. 
Total 1267 Ib. 
The saving in weight is thus 29% in favor of the tubu- 


lar design. 

The comparisons for heavier trusses refer to such of 
66-ft. span, shown in Fig. 30. Gussets are */,-in. plates 
and rivets 7/s in. in diameter. Tubular joints are a 
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Fig. 28 
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Table 6 


All. Area Act. 
| Mem- Stress, Length, b Wt., Area, r, Stress, Regq., Stress, 
ber Kips Ft. Section Lb. per Ft. In.? In. l/r Kips/In.* In.? Kips/In.? 
. 14.0 1.67 100.6 11.44 4.24 10.54 
1 —48s. 
O _3-in. std. pipe 14.62 4.30 1.88 89.4 12.49 3.88 11.28 
JL 2Ls—3x 2'/.x '/, 9.00 2.18 18.00 2.15 17.89 
2 +39.0 : ; 
O - 3-in. std. pipe 7.58 2.23 shits ses 18.00 2.15 17.48 
L 4.50 1.31 0.53 68.0 14.32 0.78 8.40 
3 —11.0 3.0 
O-  2-in. std. pipe 3.65 1.08 0.79 45.5 15.00 0.73 10.19 
= Ir 2Ls—3x 2'/.x'/, 9.00 2.62 0.95 88.4 12.55 1.21 5.82 
4 15.25 7.0 
O 2'/:-in. std. pipe 5.79 1.70 0.95 88.4 12.55 1.21 9.00 
10.80 2.68 18.00 0.38 2.51 
5 +6.75 
2-in. std. pipe 3.65 1.08 18.00 0.38 6.23 
2Ls—3x 2'/.x1/, 9.00 2 62 0.95 113.6 10.48 1.19 £44.77 
6 —12.5 9.0 
O_ 2'/,-in. std. pipe 5.79 1.70 0.95 113.6 10.48 1.19 7.35 
L—3 x x 4.50 1.09 18.00 0.83 13.76 
7 +15.0 
2-in. std. pipe 3.65 1.08 18.00 0.83 13.88_ 
2Ls—3x 2'/.x'/, 9.00 2.62 0.95 101.0 11.49 42.11.39 
8 —16.0 8.0 
O 2'/,-in. std. pipe 5.79 1.70 0.95 101.0 11.49 1.39 9.41 


combination of direct profile and gusset plate joints. typical roof trusses of 30-ft. span of conventional riveted 
Table 7, arranged in the same manner as Table 6, fur- design with similar trusses, using tapered T-sections for 
nishes all the essential data pertaining to the two types chord members and a single piece of welded tubing 


-in. of trusses for comparison. for a continuous web member (s¢e construction). This 
The weights of the two trusses are as follows: particular type of truss resulted in an average saving 
the Riveted design: Rolled shapes 9516 Ib. of steel of 40% over riveted trusses and, based on unit 
les, Splice and conn. prices of 2.2 cents per pound of rolled shapes and 6 cents 
ade angles 446 Ib. per pound of tubes, in a saving in cost of material of 19%. 
by Gusset plates 968 Ib. Together with other incidental savings this method of truss 
a Rivets 197 lb. construction could therefore be expected to be more eco- 
are Total 11,127 Ib. nomical perhaps than conventional riveting, in addition 
Tubular design: Pipe sections 8386 Ib to offering a very desirable conservation of steel. 
ac- "iene ie, 300 Ib. As has already been pointed out, this method of truss 
Gusset plates 163 Ib. construction, combining web tubing and rolled chords, 
Weld metal 24 Ib. does not involve the utmost saving in steel; but the cost 
apnea differential between the two materials and also other fac- 
Total 8883 Ib. 
The saving in weight is 20% in favor of the tubular de- 
sign, the poorer showing in this case being probably due 
to the use of the less economical heavy pipe sections. 
The two foregoing studies were carried through under 
the limitation of using pipe sections throughout. In 
u- selecting truss members from the three weights of stand- 
ard pipe one is frequently forced to choose a pipe of con- 
of siderably greater cross-section area than is actually re- 
eS quired. This is especially the case with rather long com- 
a pression members which are subjected to comparatively Lt 
little stress, where a certain minimum radius of gyration Fig}30a 
is mandatory. 
Welded tubes, on the other hand, provide a greatly. <4 
increased variety of dimensions, both in diameter and in Vi 
wall thickness, and place at the disposal of the designer en 
a large number of sizes with much lower wall thicknesses gg 
than available in standard pipe, thus enabling him to ["] 
select sections which more closely and economically meet | y 
the actual requirements. Another advantage of the Vi 
thinner walled tubing is that it is easier to cut, bend, A 
flatten, etc., and also easier to weld. LJ > —4 
In a more recent study, F. A. Weitzel,” continuing 
the study of tubular trusses, therefore compared four Fig. 30b 
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tors may nevertheless, result in sometimes making this 
type the over-all most economical solution. 

The possibility of effectively reducing the weight of 
steel trusses by using tubular web members was also sug- 
gested by H. L. Whittemore®* and likewise touched 
upon in an article by H. S. Card,*® who again in a more 
recent paper*® reported upon some detailed comparative 
studies, sponsored by the Formed Steel Tube Institute, 
of riveted vs. welded trusses with tubular (welded tubes) 
web members. 

The structure selected for study was a standardized, 
riveted hangar roof truss of 121-ft. 6-in. span with the 
members made up of two angles. The truss is shown 
diagrammatically in Fig. 31. 

The proposed, comparative truss, Fig. 32, was rede- 
signed by Gilbert Fish with chords of wide flange beams 
and web members of welded tubes. In order to reduce 
the number of web members and save shop labor, the 
alternate purlins are supported by the top chord acting 
as a continuous beam. The resulting bending stress is 
small and does not increase the weight of the chord 
much more than the weight-saving due to the omission of 
struts. 

The weight of the riveted truss is 16,000 Ib. (based on 
20 ft. bay length) and that of the tubular truss 9400 Ib. 
(8395 Ib. of rolled sections and 1005 Ib. of tubes), thus a 
saving in steel of 5600 Ib. or about 41% in favor of the 
latter. If the unit price of rolled shapes is taken at 2.2 
cents per pound and that of tubes at 6 cents per pound, 
the cost of material would be $352 for the riveted truss 
against $245 for the tubular truss, thus a saving in favor 
of the latter of 30.4%. 

If comparing the proposed tubular truss with a welded 
truss of the same general design but with angles for web 
members, the possibility of saving is not nearly so spec- 
tacular, due to the fact that welded construction calls 
for considerably less steel than riveted. The tubular 
truss in this case would be 9.4% lighter, but the cost of 
material would be about 7% higher. 
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The most important feature of this comparative 
study, especially in light of the current steel shortage, 
is the impressive savings in steel tonnage achieved by 


using welded tubes as web members. Although the 
savings reported seem admittedly too high to apply gen- 
erally, they nevertheless clearly indicate the appreciable 
economies that thus can be effected. 

H. H. Moss," in an extensive and detailed comparison 
of a series of riveted and welded roof trusses of the Fink 
type of 40-ft. span, found a saving in weight of 21% in 
favor of tubular over riveted trusses of rolled sections, 
and correspondingly less when compared to welded such 
trusses of the so-called insert-plate joint type. The 
tubular joints were direct profile joints, reinforced with 
gusset plates in most cases. These trusses, by the way, 
were subjected to thorough tests, and the theoretical 
stresses found to agree very well with those recorded. 
When tested to destruction the trusses failed in the main 
members, away from the welds. 

A. F. Burstall,!° H. Kennedy’ and R. A. Smith!® re- 
ported on comparative design studies for 77-ft. roof trusses 
for a single-story building. In this instance a saving in 
weight of 50% was obtained by the tubular type with 
spherical joints as compared to a welded angle roof truss, 
designed for the same loads and with the same factor 
of safety. Apparently, the basic conditions here are not 
comparable to those of the foregoing examples. 

R. Ulbricht’ reported, from findings at four roof trusses 
of 39.4, 55.8, 63.0 and 66.6-ft. span lengths, savings in 
weight from 29.6 to 36.2% in favor of tubular trusses. 
These savings are somewhat larger than those realized 
in most American pipe truss designs and are, as already 
intimated, probably due to the differences in the perti- 
nent specifications. 

It should be noted that the savings in weight accom- 
plished with tubular roof trusses are in part due to weld- 
ing with the absence of holes in tension members and 


part may account for about one-third or so of the ob- 
tained weight reductions. It seems therefore somewhat 
doubtful in many cases, whether the savings in weight 
alone realized by the use of tubular roof trusses, will be 
sufficient to overcome the disparity in the cost per pound 
of tubular over rolled sections. 
As under bridges, it seems also here worth while to 
mention, that trusses in general, whether they be made 
from tubular or rolled sections, face an increasingly sharp 
competition with the now greatly favored rigid frame 
structures with solid web sections. Although these 
latter, as a rule, require more material than trusses, 
they are frequently preferred, nevertheless, for various 
reasons. It seems also somewhat unfortunate that inter- 
est in tubular sections should be so largely concentrated 
upon trusses to the neglect of other, and perhaps more 
promising, types of structures. 


Hangars 


Aside from regular tubular roof trusses, large hangar 
constructions seem to offer other interesting possibilities 
for tubular sections, as outlined in some studies by W. 
Wolf.” These studies are based on a hangar area of 
279 x 139.5 ft., with the door openings on the longer 
side, thus requiring spans of 279 ft. The systems con- 
templated were tied tubular arches. 

The prototype for the comparative designs, Fig. 33, a 
cellular tied arch system with the roofing also serving as 
carrying element, was made up of units of boxes, 3.28 ft. 
square, of 0.12-in. thick sheet metal with longitudinal and 
transverse stiffeners to assure against buckling. These 
boxes were shop fabricated in units of 9.84 x 16.40 ft., 
assembled in the field and welded into roof strips 19.68 
ft. wide. Each such strip, of six boxes, had its tie, thus 
altogether seven ties for the entire building; two of 
these ties also supported hoist rails. The two ties on 
the door side were braced together to resist wind forces 


therefore not a specific feature of tubular sections. This acting on the doors. The perfectly smooth roof surface 
Table 7 
All. Area Act. 
Mem- Stress, Length, Wt., Area, r, Stress, Req., Stress 
_ber Kips Ft. Section | Lb. per Ft. In? In Kips/In.* _In.?__ Kips/In.* 
23.0 Ir 2Ls—6x6x 4, 57.40 16.88 2.82 97.8 11.76 16.24 
— 1.83 75.4 13.68 14.00 11.31 
1 —191.0 11.5 
O 10-in. extr. str. pipe 54.74 16.10 3.63 76.0 13.63 14.00 11.86 
(13.88) 
JL 2Ls—6x4x 3/, 47.20 12.38 18.00 11.56 17.26 
2 +208.0 
(9.84) 
Wr 2Ls—5x 31/2. x 5/5 33.60 8.58 18.00 8.00 16.78 
3 +144.0 
O _6-in. extr. str. pipe 28.57 8.41 18.00 17.12 
Ww 2Ls—6x4x'!/2 32.40 9.50 1.78 74.1 13.79 8.84 12.84 
4 —122.0 11.0 
O _ 6-in. extr. str. pipe 28.57 841 220 60.0 15.00 814 14.50 
(2 30) 
L L—3'/2x3x 3/, 7.90 1.92 18.00 1.89 17.70 
5 + 34.0 
O _ 3-in. std. pipe 7.58 2.23 18.00 _1.89 15.24 
(2.30 
L L—8'/2x3x 3/, 7.90 1.92 18.00 0.33 3.12 
6 + 6.0 
 2-in. std. pipe 18.00 0.33 5.55_ 
7 ireése2Ls—6x6x 3/s; 29.80 8.72 1.88 114.9 10.39 3.37 4.01 
— 35.0 18.0 
O _si5b-in. std. pipe 14.62 4.30 1.88 114.9 10.39 «3.37 
(2.30) 
L—8'/:x3x 7.90 1.92 18.00 0 0 
8 0 
O-  2-in. std. pipe 3.65 1.08 18.00 0 0 
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may be covered with asphalt paper, or given a coating of 
bituminous mastic or of some other approval metal pro- 
tection. This structure was readily and rapidly erected, 
as the construction work consisted only of joining to- 
gether standard units, all alike. The double-walled arch 
roof afforded effective insulation and protection also 
against bomb splinters. The steel weight, however, 
was rather high, considering the 2 x 0.12 = 0.24 in. total 
metal thickness of the roof, and aggregated about 22 
Ib./sq. ft., including columns, bracing, bearings and 
framing for the doors. 

The fact that, in the above outlined structure, rela- 
tively many parts were required which did not directly 
contribute to the carrying section, such as for instance, 
all cross diaphragms, led to the suggestion of replacing 
sheet metal boxes with tubes as superior in strength and 
buckling resistance. 

The previous arrangement was retained in the first 
design study, i.e., the 42 tubes were spaced 3.28 ft. apart 
with one tie to each group of six tubes, Fig. 34. The 
tubes were 29.5 in. in diameter, the minimum consistent 
with convenient interior access, and of a thickness not 
less than 0.12 in. They were stiffened laterally with 
plates, shop welded to the tube ends and extending over 
three tubes and serving at the same time as connection 
plates by which the 16.4-ft. long units were bolted to- 
gether, there being thus no field welding at all. These 
piates had openings cut out inside the tube profiles to 
permit through passage, and were connected by bolted 
splice plates, thus securing lateral rigidity as well as 
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unified action of the tubes. Wooden roofing on planks, 
resting on brackets welded to the stiffener plates, was 
contemplated. The total steel weight of this design, on 
the same basis as before, was 19.9 lb./sq. ft. 

The second study provided for 13 (12 + door-wall 
tube), 31.5-in. tubes, spaced an average of 10.5 ft. apart 
with one tie to each two tubes, Fig. 35. The tubes were 
stiffened with diaphragms and flanges at every 17.7 ft. 
and were braced together with light tubular bracing. 
The total steel weight in this case, with light double- 
walled roofing, was 12.7 Ib./sq. ft. 

In the third study the number of tubes was further 
reduced to seven, spaced on an average 20.3 ft. apart, 
with a tie for coe tube, Fig. 36. This required the sub- 
stitution of St 52 (high- strength steel) for St 37 (ordi- 
nary structural steel). . The tubes were stayed laterally 
in the same manner as before. The roofing was light- 
metal corrugated sheets resting on purlins and cross 
beams. The total steel weight was reduced to 10 Ib./sq. 
ft. 

Finally, the number of tubes was reduced to but three, 
spaced about 45.9 ft. apart, of which the outside one 
carried the door wall, while the other two each supported 
a hoist rail, Fig. 37. Welded trussed purlins, 3.28 ft. 
deep, were used because of the wide spacing of the tubes. 
The roofing was the same as before. Total steel weight 
was about 8.2 Ib./sq. ft. 

The design studies also disclosed that, for uniform or 
lighter one-sided loading, tied tubular arches were indis- 
putably superior to ordinary truss constructions, even 
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under the most favorable conditions for the latter (opti- 
mum depth). Only for essentially non-uniform loading 
did arches prove more sensitive than trusses, because 
the moments resulting from such loading could be re- 
sisted by arches only by considerably increasing the 
diameter or the wall thickness, whereas trusses required 
but a small strengthening of some of the web members. 
Tied tubular arches would, nevertheless, prove superior 
in cases of very long spans and flat roofs. 


Masts and Towers 


Simple tubular steel masts have long been used for 
lamp posts, flag poles, telephone poles and masts for 
various electric transmission lines. They are usually 


either of the offset cylindrical type consisting of various 
lengths of constant, but decreasing diameters, made 
from one pipe or from telescoping pipe sections welded 
together; or of the gradually tapering, conical type, made 
from trapezoidal plates, bent to shape and welded longi- 
tudinally.* The latter are no doubt the better looking 
and statically also more satisfactory; they may be round, 
oval,* rectangular or even triangular“ in cross section. 

Such single steel tube posts possess over wooden and 
concrete posts the decided advantages inherent in the 
material used, and over rolled steel masts those due to 
the tubular shape, especially the much greater resistance 
to torsion and, for round tubes, the equal strength in all 
directions.” 
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The height and tip pull for which these single tube 
masts are yet adequate, are limited by the bending 
moment at the base and by the permissible deflections. 
When no longer of sufficient strength or stiffness, they 
are replaced by built-up tubular masts with two, 
three or four legs braced together. These masts may be 
either of the rigid frame type with bracing consisting of 
horizontal struts alone (Vierendeel System), or of the 
latticed type with ordinary diagonal bracing. The 
former is better in appearance and simpler to fabricate, 
but usually somewhat heavier and slightly less rigid 
than the latter type; it probably is the preferable 
type up to certain heights and loads, beyond which di- 
agonal bracing seems indispensable. 

The joints of built-up tubular masts, formerly subject 
to the familiar difficulties affecting all such construction, 
are now readily accomplished by profile-welding the 
web members directly to the posts, or, if stronger con- 
nections are required, by means of gusset plates inserted 
in slots in the posts and welded to them. 

Taller latticed masts may have tapered or stepped-off 
posts, corresponding to the decreasing stresses; in the 
rigid frame type the posts are usually of constant 
section all along, and, because of the governing bending 
moments, the struts are also of this same section. 

Rigid frame masts made from seamless tubes have 
been extensively used for electric power lines in Czecho- 
slovakia. These masts, 73 ft. tall and regularly placed 
1050 ft. apart, incorporate certain noteworthy features 
with respect to design as well as to fabrication, as re- 
ported by Dr. J. Wanke.” 

Seamless tubes of 3'/, in. diameter and 0.14 in. wall 
thickness were used in all members. The tensile strength 
was 78,200 to 92,500 psi. and the minimum elongation 
15%. The masts were electrically welded, employing 
coated electrodes of normal strength, higher weld strength 
being not required, considering the small wall thickness; 
the weld sizes may easily be so selected as to make up for 
the difference in strength of weld and parent metal. 

The masts are square in plan and, as already men- 
tioned, posts and bracing struts are of the same cross 
section. In order, therefore, to connect in one plane the 


122-s 


WELDING RESEARCH SUPPLEMENT 


four struts forming a horizontal frame, the tube ends were 
flared out elliptically, Fig. 38, thus providing also in- 
creased bending strength, desired at the joints. The 
tube posts are reinforced at the joints with short sleeves, 
to which the four tubes of the horizontal frames are con- 
nected by all-around fillet welding. For convenient 
fabrication and to avoid overhead welding, the sleeves 
were made of two half shells spliced diagonally to the 
horizontal frame, and the latter thus made up of four 
struts and four split sleeves. 

The fabrication of the masts in the shop proceeded in 
the manner that the ready horizontal frames were placed 
in position on two tube posts and connected to them by 
fillet welding around the sleeve shells. The upper tube 
posts were then laid in their shells and similarly welded, 
whereupon followed the connection of the other sleeve 
halves by butt welding to their counterparts and by fillet 
welding to the posts. To obtain more rigid horizontal 
frames, greatly beneficial in torsion, triangular plates 
were welded in at the corners, slightly slanting to shed 
water better. The lengths of these stiffener plates corre- 
spond approximately to the elliptical deformation of the 
strut tube ends. 
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Full-size tests were carried out with these rigid frame 
tubular steel masts. The specimen, Fig. 39, a standard 
73 ft. tall mast taken from a normal shipment, was de- 
signed for an equivalent tip pull of 1576 Ib. and a wind 
force of 573 Ib., whereby it may be noted that the actual 
load distribution was considered in the statical calcula- 
tions, since stresses derived on the basis of equivalent tip 
pull would be too favorable in case of rigid frame masts 
and therefore no longer permissible. 

As testing of the mast in upright position would be 
very cumbersome, it was carried out with the mast in 
horizontal position, rigidly anchored in a 66-ton concrete 
block. This restraint could be considered as practically 
unyielding, and accurate observations of the foundation 
during the tests revealed no movements whatsoever. 
The effect of the dead load was eliminated by suspending 
the mast in three axis points and maintaining it in hori- 
zontal position by means of counterweights. The bend- 
ing tests gave results in very close agreement with the 
computed values. 

The same mast was also used in carrying out torsion 
tests. To be able to trace the effect of the twisting mo- 
ment alone, the arrangement was such that no bending 
occurred. The measurement setup enabled the displace- 
ments of the center of the posts as well as their twist to 
be determined at some sections. Subjected to large 
torsional moments, the mast revealed no permanent 
twist or other deformations; it should be noted in this 
connection that the mast was not an anchor but a stand- 
ard line mast. 

Without going into any detailed evaluation of the tor- 
sion tests, it may merely be stated that the results did 
not agree with those derived from the usual method of 
calculations, according to which the twisting moment is 
resisted by two couples, M = 2Ha, where H is the force 
and a the lever arm (post spacing). A large part of the 
moment is withstood directly by the torsional resistance 
of the tubes themselves. 


Tubular sections behaved favorably in these tests 
under combined torsion and bending stresses. Built-up 
tubular masts are therefore fully competitive with such 
masts of rolled sections, and have besides the extra 
advantages inherent in the tubular shape, including that 
of better appearance. Whether the cost warrants such 
competition, depends upon the unit prices of tubes and 
angles, as well as upon the wage level, conditions which 
may vary from place to place and time to time. 

Supplementary, destructive tests with rigid frame 
joints resulted always in the connectious becoming un- 
usable after exceeding the yield point by buckling of the 
tubes away from the welds. 

Dr. Wanke, in a subsequent paper,” presented meth- 
ods and equations for determining torsional stresses in 
built-up rectangular masts of both the latticed and the 
rigid frame type. The use of members of closed shape 
will greatly reduce the deformations caused by torsion, 
and the torsional resistance of the posts can therefore 
not be disregarded in the design of such masts; but also 
masts made from angle sections may have their safety 
unfavorably affected by the torsional stresses set up in 
the posts. It is recommended to provide several hori- 
zontal frames, and at least one of those at the cross-arm 
level should be especially strong; it is then sufficiently 
accurate to base the stress derivation on the assumption 
of a single absolutely rigid cross frame. 

Preceding Wanke’s tests by a few years, A. Hilpert 
and O. Bondy** reported on their findings from compara- 
tive designs and tests of built-up steel masts. The pro- 
gram included a series of three 19.7-ft. tall masts of 
various design and construction; supplementary tests 
of various welded joints; and finally, on basis of the re- 
sults thus obtained, another series of 39.4-ft. tall latticed 
masts in riveted angle and weldéd tubular construction. 

The prototype of the 19.7-ft. group was a standard 
riveted latticed angle mast; the two others were of tubu- 
lar construction, one of a similar latticed design and one 
of the rigid frame type. Gas-welded tubes were used 
because of their lower price. All three masts were de- 
signed for a standard tip pull of 8801lb. The two tubular 
masts are shown diagrammatically in Fig. 40. 

These masts were tested in upright position. The 
applied force was read on a dynamometer, and the hori- 
zontal deflections of the mast tip recorded. Horizontal 
and vertical displacements as well as the rotation of the 
foundation block were also measured. The net deflec- 
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tions of the mast tips, computed from these combined 
readings, are plotted in Fig. 41 for all three designs. 

The riveted mast failed at a tip pull of 3090 Ib., i.e., 
3.5 times the design load, by both compression posts 
buckling, as foreseen, at right angles to their weakest 
axis. 

The welded latticed tubular mast, although weighing 
but slightly more than one-half of the riveted type, 
failed at a load of 3530 Ib. by local buckling of the thin 
walls of the posts; the welds did not give. 

The welded tubular rigid frame mast was so strongly 
stiffened by the 0.20-in. plates at the top that it bent in a 
distinct S-line? Fracture of fillet welds connecting posts 
and struts, thus at points of maximum bending moment, 
caused failure in this case, although without exhausting 
the resistance of the mast, which fell off but gradually 
after the ultimate strength had been exceeded, in con- 
trast to the two other masts that collapsed from buck- 
ling. This may represent a practical advantage of the 
rigid frame type. 

Comparative weights and test results are given for the 
three masts in Table 8. 


Table 8 
Riveted Tubular Masts 
Angle Mast Latticed Rigid Frame 
W = weight in pounds 380 210 270 
Comparative weights ~ 100 55 72 
B = breaking load in 
pounds 3090 3530 2980 
Ratio: B/W 8.1 16.8 10.9 
Comparative efficiency 1 2.07 1.43 


, Supplementary to the foregoing investigations, a series 
of bending tests were carried out with 14 welded joints 
of various designs made up of vertical and horizontal 
tubes, 2 and 3 in. in diameter with wall thicknesses of 
0.10 and 0.12 in. Significantly, the vertical tube would 
almost always collapse at the compression fillet, before 
cracks on the tension side of the strut, mostly outside 
the weld, led to failure. These tests demonstrated the 
preferableness of maintaining the circular tube section 
also at the joints, with fillet welds well rounded, since the 
largest bending moments for posts as well as struts must 
be resisted at those sections. This type of joint, being 
most economical also with respect to cost and labor, was 
used in the 39.4-ft. tall tubular test masts. 

These taller masts were tested in horizontal position, 
with the base rigidly restrained, as it was found too dif- 


ficult to carry out the experiments in upright position. | 


The effect of dead load was eliminated by counter- 
weights, suspending the post at a point two-thirds up 
from the base. The load was applied directly to the 
mast tip and the deflections recorded. The comparative 
results for a riveted angle and a welded tubular mast, 
both of latticed design, are given in Table 9. 


Table 9 
Riveted Mast Tubular Mast 
W = weight in pounds 7 410 
Comparative weights 100 56 
B = breaking load in pounds 3090 2870 
Ratio: B/W 4.23 7 
Comparative efficiency 1 1.66 


The comparative data derived from the foregoing de- 
signs and tests clearly demonstrate the superiority of 
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tubular masts. These masts show considerable Savings 
in weight, making them lighter in handling and trans- 
portation, especially important in wild and difficult 
terrain, and resulting also in lower soil pressures, ad- 
vantageous where ground conditions are poor; they fur- 
ther offer less wind resistance, which often may be de- 
cisive; they shed water better and are also less apt to 
collect and retain heavy snow and ice loads; they look 
better too than the older types. These masts also re- 
quire less maintenance, and interior corrosion need not 
be feared with properly sealed tube ends. 

G. Platzer®® describes a 49.2-ft. tall tubular anchor 
mast for a high-tension line. The mast was designed for 
a tip pull of 8800 Ib., and a riveted mast would in this 
case have been very heavy. 

No more than three tubes meet at any one joint in 
order to avoid overlapping of welds. The joints are 
direct profile joints and the tubes were cut to correct 
fit by means of wire templets. The tendency of the 
posts to distort into a slight snake-line from one-sided 
welding was eliminated by mildly preheating them on the 
opposite side of the joints. Ali tubes were sealed to ex- 
clude the possibility of internal corrosion. The effective- 
ness of the sealing was tested by air pressure, with no 
leaks developing. 
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Tubular sections have also been used in the construc- 
tion of wireless transmission masts. Thus, a 200-ft. 
high tubular mast was erected in ten 20-ft. sections, 
consisting of 


1 section of 3-in. galvanized pipe 
2 sections of 4-in. galvanized pipe 
3 sections of 5-in. galvanized pipe 
3 sections of 6-in. galvanized pipe 
1 section of 7-in. bore casing 


The mast is stayed by five sets of guys anchored 60 to 
100 ft. out, for the lower and upper ones, respectively. 
No difficulty was experienced during erection and the 
mast lined up nicely when the tension of the guys was 
finally adjusted. 

_ The new, 131-ft. transmission mast for the radio sta- 
tion in Ghent, Belgium,® is of latticed tubular construc- 
tion, triangular in shape with a maximum side length of 
3.28 ft., tapering from the middle toward both ends. 
The tubes are 2 in. in diameter. with 0.10 in. wall thick- 
ness. All welding was done in the shop, and the mast 
erected in three sections by means of sleeve connections. 

An outstanding example of tubular tower construction 
and, probably, the most notable tubular structure at all, 
so far, is the Littoria Observation Tower at Milan, 
Italy,® * built in 1933, in connection with an art exhibition. 
This 356.3-ft. tall, hexagonal tower, with sides tapering 
off from 19.7 ft. at the base to 14.6 ft. at the 328-ft. level, 
is constructed entirely from seamless tubes. The main 
framework consists of the six corner posts, braced to- 
gether horizontally and vertically; inside this and stayed 
agaist it, another similar but smaller structure supports 
an elevator and a spiral, 520-step stairway leading to the 
observation platform, Fig. 42. The structure contains 
a total of 154 tons of steel. 

The main posts are made from high-strength tubes 
(tensile strength, 78,200 to 92,500 psi.; elongation, 18 
to 20%), varying in diameter from 17 in. at the base to 
6'/: in. at the top, and in thickness from 0.59 to 0.31 in. 
The web members, also tubes, are made of ordinary steel 
and vary in diameter from 7 in. at the base to 4!'/, in. at 
the top, and in thickness from 0.35 to 0.24 in. 


The three-dimensional joints are made with gusset 
plates, inserted into slots in the main posts. The ends of 
the tubular ties and struts are forked, bent together, slid 
over the gusset plates and welded to them, thus com- 
pletely sealing the ends. At the main joints the two 
vertical gusset plates, intersecting at an angle of 120°, 
are cut to dovetail finger-like, so that each plate can, at 
least partially, be inserted through the main tubes and 
fillet welded to them at four places, one long weld on the 
near and three shorter ones on the far side, Figure 43. 
Temporary bolt connections served to hold the members 
in place during erection. The main posts are spliced 
away from the joints, by flanges bolted together. 

A very neat example of welded tubular tower construc- 
tion is represented by the four illumination towers, de- 
signed by Prof. Krivoseon and installed at the Strahov 
Stadium at Prague, Czechoslovakia, for night festivals 
and athletic events.™ 

The tower, shaped as a truncated square pyramid with 
a base of 6.73 x 6.73 ft. tapering off to 2.46 x 2.46 ft. at 
the top, is 98.4 ft. tall divided into 15 panels varying in 
height from 9 ft. at the base to 4.8 ft. at the top. It is of 
the rigid frame type (Vierendeel bracing) with the joints 
reinforced by horizontal and vertical gusset plates to 
supply the necessary strength and rigidity, Fig. 44. 
The top platform, 9.2 x 4.9 ft., mounts a 13.1-ft. tall 
battery of lights. Access to the platform is had by a 
tubular ladder inside the tower. All tubes are of the 
seamless type; the main tubes are of high-strength steel 
(tensile strength, 78,200 to 92,500 psi.), the others of 
regular, mild steel. The four corner posts, with a batter 
of 2%, vary in diameter from 5 in. at the base to 3 in. at 
the top. The horizontal struts likewise vary in size, 
from 5'/2 to 2'/s in. in diameter and from 0.18 to 0.12 in. 
in thickness. 

For easier transportation and to keep field welding 
to a minimum, the towers were welded in the shop in two 
sections and shipped to the site. The final assembly was 
accomplished by means of sleeves on the posts, with the 
two sections temporarily bolted and then welded to- 
gether. 

It bears restating that tubular sections are superbly 
well suited for this type of structures, where wind stresses 
frequently govern, not only because wind pressure in 
that case is considerably less than otherwise, but also 
because the wind forces, proceeding from every and any 
direction, produce alternating tension and compression 
in all the structural parts affected. The design, conse- 
quently, has to be made for the most unfavorable stresses, 
usually compression, which are more effectively and eco- 
nomically resisted by tubular than by other sections.* 


Elevated Tanks 


A bold and unique application of tubular sections is 
represented by the use of thin cylindrical shells as col- 
umns in elevated tank construction. Numerous tanks 
incorporating this feature have been built in the last 
ten years by the Chicago Bridge and Iron Company, 
and others. These structures present one of those for- 
tunate cases, where research and practice worked hand in 
hand, as extensive tests were carried out to ascertain 
the strength and reliability of such tubular columns, as 
already referred to.4 These tests established the proper 
dimensional relations to be maintained for such struc- 
tural members, and also set up safe design procedure. 
With the advances made in fabrication methods there 
is but little difference in the cost per pound of fabrica- 
tion between cylindrical shells and the more usual types 
of columns, and since the former have a very small per- 
centage of details and a large radius of gyration, they 
would appear especially adaptable for long columns 
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without lateral supports, which is the very situation met 
with in elevated tank construction. 

Aside from their eminent technical qualifications, these 
elevated tank structures represent also a decided ad- 
vance as far as appearance is concerned, and are a mani- 
festation of the modern trend to build beauty into utility 
structures themselves, and not, as frequently in the past, 
to hide them in costly and purely ornamental enclosures. 

A typical example illustrating such elevated tank con- 
struction is one built for the city of Indianapolis, Ind., 
by the Chicago Bridge and Iron Co. The tank, Fig. 45, 
is 96 ft. in diameter and has a capacity of 1,500,000 gal. 
with a range of head of 30 ft. The bottom of the tank is 
92 ft. above ground. The tank is supported by 12 radial 
girders, which again rest on 16 tubular columns, 12 ar- 
ranged in an outer circle of 78 ft. in diameter and 4 in an 
inner circle of 21 ft. in diameter. The columns are 54 
in. in diameter and made of 7/32-in. plates. 

Another example is a tank built by the same company 
for the city of Jonesboro, Ark. The tank, Fig. 46, is 
80 ft. in diameter and has a capacity of 1,000,000 gal. 


Fig. 45 


with a range of head of 35 ft., plus an additional stand-by 
capacity of 450,000 gal. in the riser. The bottom of the 
tank is 70 ft. above ground. The riser is 33 ft. in diame- 
ter and made of plates varying from */s to */, in. in thick- 
ness. Twelve tubular columns, arranged in a circle of 
69 ft. in diameter, support the tank. These posts are 
48 in. in diameter with '/, in. wall thickness. 

An unusually bold elevated tank design is shown in 
Fig. 47. It consists of a tall, central tubular column 
carrying a sphere of 50,000 gal. capacity. The Chicago 
Bridge and Iron Co. has erected a number of this type of 
“‘waterspheres.”’ 


Pipe-Line Structures 


Tubular members may in some cases, as already men- 
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tioned, provide conduits for water, oil and other liquids, 
or for steam and gas, as well as for electric and other 
cables, while at the same time acting as their own 
carrying structure, thus obviating the need of special 
construction. 

Thus in one instance, the top and bottom chords of a 
tubular truss, crossing a plant yard with a span of 
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Table 10 
Saving Saving 
Max. All. Total Weight in Wt. over Painted in Cost over 
Work. Stress, of Structure, Riv. Des., Surface Area, Cost in Dollars Riv. Des., 
Case Psi. Lb. % Ft.? Material Labor Overhead Total % 
1 18,000 8007 aii 1286 . 156.30 148.60 148.60 453.40 ie 
2 18,000 7360 8.1 1246 152.20 135.00 135.00 422.10 6.9 
3 18,000 4296 46.3 630 192.30 87.70 87.70 367.70 18.9 
4 31,400 3247 59.4 615 141.60 84.60 84.60 310.70 31.4 


92 ft., served as conduits for live and condensed steam, 
respectively 

Another example, described by M. J. Rich,™ refers to a 
case in which it was necessary to carry the water supply 
to a rubber plant across a creek in a 4-in. standard pipe. 
First consideration was to construct trusses of standard 
steel shapes, principally angles, on which the 4-in. pipe 
would be supported. Total weight of steel in the riveted 
structure, pipe and conduit was 3460 Ib. 

A desire to reduce the weight without sacrificing 
strength led to consideration of the possibility of incor- 
porating the water pipe and conduit as members of the 
truss, rather than as superimposed loads. Stresses pro- 
duced in the pipe by the internal water pressure must, of 
course, be taken into account in determining the total 
combined stress. The design adopted, consisted of a 4- 
in. pipe top chord, also conveying water, a 2-in. pipe 
bottom chord, also serving as electrical conduit, and 
l'/,in. pipe web members. An auxiliary horizontal 
truss, formed of light angles, prevented side buckling 
of the top chord and provided support for the gang walk. 
The total steel weight was 2080 Ib., thus 1380 Ib. less 
than the riveted design, or a saving in weight of 40%. 
The saving in cost of steel structure was 37%. To this 
must be added easier maintenance, less exposed surface 
and neater appearance. 

Three-chord tubular trusses, because of their strength 
and rigidity at less expense of material, should generally 
lend themselves very well to such dual purpose structures. 

Interesting achievements, incorporating this ability 
of tubular sections to serve as their own carrying struc- 
ture in addition to their primary utility function, are 
frequently encountered in the construction of water 
mains, sewer pipes, etc., and have often resulted in con- 
siderable economies.®: 57 


Miscellaneous Structures 


In order to arrive at the economies in weight and cost 


to be realized from the adoption of welded tubular 
construction with spherical joints (see Construction), 
A. F. Burstall,'!° H. Kennedy’ and R. A. Smith'® sub- 
mitted designs of a gantry constructed by four different 
methods, as follows: 


Case 1. Riveted angle design. 

Case 2. Arc-welded angle design. 

Case 3. Arc-welded tubular design, with spherical 
joints. 

Case 4. Same as Case 3. 


The working stress in the three first cases was 18,000 psi., 
and 31,400 psi. in Case 4. 

The structure is essentially a bridge consisting of four 
separate gantries, each 31 ft. 6 in. long, or a total length 
of 126 ft., and was designed to carry a lead pipe weighing 
336 Ib./ft., plus dead load and wind. The bracing in all 
trusses is of the double triangular system. 

Table 10 gives the comparative data for the various 
types, based on the following unit prices: 


Structural sections and plates: 2 cents per pound 
Tubes : 4 cents per pound 
Spheres : 8 cents per pound 
Welding wire : 6 cents per pound 


and on labor cost as prevailing in England at that time 
(1933). Costs in U. S. A. and other countries may be 
different from those used, but the comparisons will still 
be approximately correct. 

Case 4 is evidently a case by itself, demonstrating the 
economies feasible, if the allowable stresses were allowed 
to closely approximate the yield point of the material, 
which the authors consider not entirely unjustified for 
this specific type of construction. 

Welded tubular A-frames were used to carry a cast- 
iron water pipe line across an arroyo, occasionally swept 
by scouring floods. The frames are provided with 
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brackets, 3 ft. below the top, slanting slightly inward, 
so as to hold removable planks for servicing.® 

Welded pipe trestle bents were also used to support 
conveyer belts for the construction of the Friant Dam 
on the San Joachim River, Calif. Old pipe was brought 
to the job in assorted lengths and diameters and welded 
into bents or towers to suit the requirements. They were 
welded on the ground and lifted in position as one piece; 
erection time was short, and cost very low.*° 

Old pipe has been widely used in oil fields for all sorts 
of minor, improvised structures, such as jack-posts, 
tripodes, trestles, etc.®. 

Playground structures represent another field for 
which tubular sections, because of their easy grip, 
smooth, curved surfaces and other advantages, are emi- 
nently well suited, and where they, consequently, have 
also found wide use, as in swings, slides, climbing cages, 
diving towers, etc.®: 

A welded tubular diving tower, distinguished by its 
original shape, was designed by O. Bondy for the German 
Building Exhibition in Berlin, 1931, Fig. 48. The tower 
was 32 ft. tall with a base of 2.6 x 4.9 ft. and had three 
diving boards at the 8.5, 19.7, and 29.5-ft. levels.™ 

The tower was of all-tubular, all-welded construction. 
The members as well as the connections were designed 
for a uniform load of 82 Ib./sq. ft. on each platform, in 
addition to vertical and horizontal concentrated loads of 
880 and 220 Ib., respectively, acting at the extreme end, 
to take care of the impact from jumping off. All forces 
were assumed to act simultaneously; no wind forces 
were considered as the structure was intended for in- 
door use, 

The four posts up to the first set-back consisted of one- 
piece tubes, 4 in. in diameter and 0.15 in. in wall thick- 
ness. In the top part the sections are correspondingly 
smaller. The web members, 2'/;-in. diameter pipes, 
are directly profile-welded to the posts without gusset 
plates, which, considering the relatively small forces in 
the simple joints, is well permissible. The conditions, 
however, are different at the sharp corners, where in 
some cases six tubes of various sizes connect. For 
such complicated and highly stressed joints, gusset plates 
are indispensable. Although the profile welds, theo- 
retically, may be sufficient, moments are set up in the 
joints that cannot be ignored. The design did specify 
gusset plates at these joints to be inserted in slots in the 
tubes and welded to them; however, the shortness of the 
time available (5 days for the entire job, which explains 
many simplifications) did not allow for it, and stiffener 
plates were welded in at the corners merely as a partial 
substitute. 

The bracing between the two main vertical trusses is 
of the rigid frame type, i.e., with struts alone. The addi- 
tional 1'/s-in. ladder rungs, although not considered in 
the calculations, considerably increased the rigidity of 
the system. The torsional moments, caused by side- 
way jumps, are transmitted to the structure by the 
platforms, assumed as absolutely rigid. 

To facilitate transport from shop to site, the tower was 
fabricated in three sections. The lower part reached up 
to the joints at the first set-back. In the upper Z-shaped 
portion all members were cut below the top platform and 
first welded on the site. The entire Z-section was then 
hoisted in place and welded to the lower part. With the 
exception of these points all other welds were shop welds. 

W. Dehrmann® reports on a gas-welded, tubular diving 
tower, built in 1927, which after seven years of constant 
use did not show even the slightest defects. 

In addition to the foregoing, there is the familiar use 
of tubular sections in fences, gates, railings, etc.® © 
Also in grandstands have they found permanent use. 
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Thus, the grandstand for a ball park at Monroe, La." 
was built from second-hand pipe ranging in sizes from 
2 and 3 in. to 6 and 8 in. The main columns are § jn. 
pipe, supporting trusses with 6-in. pipe chords and 3 to 
6-in. pipe web members. The seats are also supported 
on tubular framework, made of 2 and 3-in. pipe. 

Tubular sections were also used in a grandstand, with 
3500 seats, at the Los Angeles Race Course,™ but here 
as partitions for box seats, guards, gates, etc., requiring 
8000 ft. of 1°/4-in. pipe. 

The same features, qualifying tubular sections so well 
for playground structures, make them equally well 
adaptable to zoological garden structures. Thus, a 
bird cage, 65.6 x 32.8 ft. in area and 55.8 ft. high, was built 
for a Belgian Zoo™ in welded tubular construction. The 
main members are tubes 3!/s in. in diameter and 0.12 in. 
in wall thickness, and the bracing members 2°/, in. in 
diameter and 0.12 in. thick. A saving in weight of 35°; 
over rolled sections was claimed. 

Finally, more as a curiosity and because it dates back 
as early as 1907, the use of welded tubular construction 
for the stage of the Kroll Opera, Berlin, may be men 
tioned. The tubes were 1'/: and 2 in. in diameter and 
0.12 in. in wall thickness, and involved a tonnage of 
11,000 Ib. 


Temporary Structures 


Scaffolds and Falseworks 


Seaffolds for the erection, repair and alteration of 
buildings and other edifices represent a, if not the most, 
successful structural application of tubular steel sections. 
This is a result not only of the superior qualities of the 
material itself, with its precise, constant and enduring 
properties, but also, and not less, of the inherent ad- 
vantages of the tubular shape. Scaffolding structures, 
consisting usually of posts braced together vertically, 
horizontally and laterally to form rigid, three-dimensional 
frameworks, are generally characterized by the forces 
in the members being small in relation to their length, 
thus requiring sections combining minimum material 
with maximum stiffness, which is precisely a distinguish- 
ing feature of tubular sections. This, together with 
their strength under bending and torsion, render them 
eminently fitted for this very type of structure and thus 
makes it possible to build such temporary frameworks of 
unequalled lightness, rigidity and economy. 

The joints, particularly important in these structures, 
combining, as they must, adequate strength with con- 
venience and speed of assembly—and dismantling— 
are, although of a variety of designs, mainly of three 
principal types, depending upon whether the stress 
transmissal is direct, or indirect through friction, or a 
combination of both. When the stresses are transmitted 
directly, the flattened ends of bracing diagonals and 
struts are bolted to the posts; when in part directly and 
in part indirectly, the same members are bolted to friction 
sleeves, clamped to the posts; and when friction alone 
is relied upon, such clamps, mutually articulated in a 
manner to permit connection at any desired angle, are 
used for both posts and bracing members; this latter 
method leaves the pipes unimpaired; but the connections 
are mostly somewhat clumsy. Gusset plates welded to 
the posts would apparently give better and neater joints, 
but they are likely to suffer injuries during transporta- 
tion, and are therefore objectionable for that reason. 
Practically all joints are more or less eccentric, which, 
however, considering the small forces involved, repre- 
sents no p4rticularly serious objection.® 
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Fig. 49 


Post splices are usually of the end-bearing type, se- 
cured by sleeves; if tensile forces can occur, it may be 
necessary to bolt them. 

To protect the pipes against corrosion, it has been 
recommended, whenever possible, to seal all open ends. 

Tubular steel scaffolds offer many distinct advantages, 
of which the more important ones may be enumerated as 
follows 

Safety.—This is not only a result of the excellence and 
reliability of the material itself, but also of the fact that 
the forces in the individual members can be readily 
and unambiguously determined and the members safely 
proportioned accordingly. The less wind resistance set 
up by tubular sections will also contribute to the safety, 
especially in taller structures. And last, but not least in 
this respect, the incombustibility of the material must 
be mentioned, practically eliminating all fire hazards. 
One merely has to recall the many disastrous fire acci- 
dents that have occurred with timber scaffoldings to 
adequately appreciate this valuable feature. 

Erection.—The lightness of the members and the ease 
with which they can be handled, together with the sim- 
plicity of the connections, make for convenient and rapid 
erection and dismantlement. 

Encumbrance.—The compact tubular members take 
up a minimum of space, thus giving more room and 
greater freedom to the workers, and also facilitating the 
handling and distribution of construction materials. It 
likewise permits a closer supervision and better control 
of the work. Aside from these direct construction ad- 
vantages, there are also other favorable features, arising 
from the same reasons, such as less interference with the 
usefulness of buildings undergoing interior repairs, or 
less encroachment upon sidewalks, highly important in 
bigger cities. 

Adaptability.—Tubular scaffolds, being highly flexible 
with working platforms readily installed and supplied 
at any desired level, can easily be adapted to meet any 
situation that may arise, and there are practically no 
limits to the heights, configurations and conditions that 
can be successfully handled. 

Economy.—The aforementioned advantages of tubular 
steel scaffolds will all be reflected in corresponding econo- 
mies. To these must be added the practically 100% sal- 
vage value, permitting the material, if handled with 
proper care, to be used over and over again, thereby 
spreading the initial cost over a prolonged period and 
over a number of projects, with accruing profit to the 
individual undertaking. Moreover, most such jobs 
require usually but a few standard sizes of tubing and con- 


1943 TUBULAR STEEL IN STRUCTURES 


nection parts, further contributing to their economy in 
cost. Thus, a Belgian company," specializing in the 
fabrication and erection of such structures, uses but one 
single size, 1/s in. in diameter, 0.16 in. in thickness, and 
in 20 standard lengths from 1.64 to 19.68 ft., permitting 
an infinity of combinations and obviating any cutting in 
the field; the other parts are also of a corresponding sim- 
plicity. 

One of the outstanding examples of tubular steel scaf- 
folds, noteworthy for its magnitude as well for its many 
interesting features, is that constructed in 1934 for the 
cleaning, repointing and repairing of the Washington 
Monument” after half a century of exposure to the ele- 
ments. These operations required access to the entire 
face of the 555-ft. shaft from base to apex of the 50-ft. 
pyramidion capping the structure. The monument 
tapers from 55 ft. 1'/2 in. square at the base to 34 ft. 
5'/2 in. at the 500-ft. level. To obtain this required 
access, the contractor utilized standard tubular steel 
scaffold parts in combination with specially designed 
structural steel sway trusses and set-back framing, to 
produce an integral structure completely surrounding the 
high stone column. The result was a steel structure of 
great rigidity, yet easy to erect and dismantle. Thirty- 
five miles of pipe, weighing 450 tons, 150 tons of struc- 
tural steel and 100 tons of wood plank and miscellaneous 
material made up the 700-ton dead load of the tower. 
Another 50 tons was estimated for live load. 

Two factors complicated the design of the scaffolding: 
the unusual size and height of the tower, necessitating 
special bracing to provide rigidity and to resist wind 
stresses; and the batter of the faces of the monument, 
requiring setbacks in the tower structure. These re- 
quirements were met by combining standard tubular 
scaffold parts with special strutture steel framing; the 
first by horizontal sway trusses, and the second by ver- 
tical trusses and I-beam caps supporting set-backs at 
250, 500 and 525-ft. levels. 

The tower consisted of 84 vertical sections (6'/2 ft.) 
carried by 78 pipe legs varying from 3-in. double-extra- 
heavy pipes at the lower corners to 2-in. standard pipes 
in the upper sections. The legs were spaced 6 ft. 4 in. 
to ft. apart in double rows 6 ft. 4 in. apart. Horizontal 
2-in. girts defined the vertical sections of the tower. 
Diagonal bracings were 1l-in. standard pipes. All 
brace and girt connections had flattened ends and were 
bolted to the vertical legs, Fig. 49. All posts or leg 
joints were end-bearing, held by pipe sleeves, through 
which the braces and girts were bolted. The load of 
the scaffold was transmitted from the vertical members 
of the structure to the sidewalk around the base of the 
monument by an I-beam grillage providing a fairly uni- 
form distribution of all vertical loads over the surface of 
the sidewalk. 

Horizontal sway trusses were placed every eight verti- 
cal sections (50 ft.). They were set in a horizontal 
plane within the scaffolding and were held in position on 
the vertical posts with standard scaffold clamps. These 
trusses were designed to transmit all wind and lateral 
stresses from the individual vertical bents to the side 
bents of the integral scaffold tower thus created. Ad- 
justable wood struts were wedged between the monu- 
ment and the scaffold at each corner where the sway 
trusses occur, to protect the monument against swaying 
of the scaffold. At no point was the metal work per- 
mitted to be closer than 6 in. from the face of the monu- 
ment. The additional horizontal wind load on the shaft 
was less than 5%. 

At the 250-ft. level the scaffold bents were capped with 
I-beams, which supported the outside posts above this 
level. The inside posts were supported by steel trusses 
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running parallel to the four faces of the monument, the 
trusses on the east and west sides framing into those on 
the north and south sides. The other set-backs, in- 
volving smaller loads, were treated in a similar manner. 

From the time the drawings were approved, the scaf- 
fold was erected complete, without any lost-time acci- 
dents, in 35 working days. The scaffold material was 
shipped from the warehouse in convenient bundles 
weighing approximately 1'/, tons, and was hoisted in this 
form to the working levels. All special structural fram- 
ing was designed with field bolted joints and connections, 
to facilitate handling and erection. All bolts were 
treated with a rust-preventive oil, which would not only 
aid in making the structure easier to dismantle but also 
afforded a protection to the monument against rust 
stains during the repair period. 

Among the many other noteworthy tubular steel scaf- 
folds may also be mentioned that employed in recondi- 
tioning the exterior of the 9-story Altmann Department 
Store, occupying an entire city block in New York City. 
The total length of the structure aggregated almost 
1400 ft. and required about 62 miles of pipe with 78,000 
joints. It left the sidewalk around the building prac- 
tically unencumbered.” 

Tubular scaffolds were likewise used by the repair of 
Westminster Tower and Parliament Building in London. 
Such scaffolds were also used in Rome, one erected inside 
the St. Paul Basilic for repair of the ceiling, and another 
enclosing the Farnese Palace, the French Embassy, for 
exterior repairs.” 

Tubular steel sections have also been widely used in 
falseworks for supporting forms for concrete work in 
buildings and bridges, and for many other provisory 
purposes connected with the erection and construction of 
various structures.” Evidently, the many favorable 
features of these sections, characterizing their use in 
scaffolds, apply equally well to falseworks. 


Grandstands 


The same valuable properties of tubular steel sections, 
that were found so useful in scaffolds and falseworks, 
make them equally suitable for all other types of tem- 
porary structures, requiring lightness and rigidity com- 
bined with ease and speed of erection and dismantling, 
all at an economical cost. Frequently represented 
among such structures are provisory grandstands or 
tribunes, erected, for instance, in connection with mili- 
tary parades, festivals, outdoor theatrical and musical 
performances, sports events, fairs, etc. An outstanding 
example hereof is the large tribune constructed in 1936 
in Paris on the Square fronting Notre-Dame Cathedral, 
for the presentation of passion plays, revived from the 
medieval age. This steel tribune took the place of wood 
structures used in previous years.” 

This grandstand, with seating capacity for 10,000 
persons, was 393.7 ft. long, 187 ft. wide and had a maxi- 
mum height of 41 ft. to the top flight. It occupied an 
area of roughly 75,400 sq. ft. and required 220 tons of pipes 
with 25,000 joints. 

The pipes were seamless, made from open-hearth steel 
of 84,900 psi. tensile strength. They were all of the 
same standard size, 17/; in. in outside diameter and 0.16 
in. in thickness, and came in various standard lengths, 
obviating all need for cutting at the site. Moreover, 
the method of assembly by articulated clamp joints 
was such that no holes, nor flattening of tube ends was 
required, resulting in a highly flexible and adaptable 
system. The number and arrangement of the members 
could all be planned in detail beforehand, thus greatly 
speeding up the actual assembly work. The structure 
was erected in 15 days by 40 workmen. 
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Of other temporary tribunes, constructed along similar 
lines, may be mentioned two erected in 1935 at Merano, 
Italian Tyrol, in connection with a horse race, and seat- 
ing 5000 and 15,000 persons, respectively.” 


Miscellaneous Structures 


Tubular sections lend themselves equally well to a 
wide range of other temporary structures, such as bridges, 
towers, playground structures, hangars, etc. 

Thus, a passerelle of this type of 51-ft. span was con- 
structed across an automobile racing course at Pescara, 
Italy. The erection required 80 man-hours.”! 

A 338-ft. tall illumination tower was built in connection 
with the Italian pavillion at the 1935 exposition in Brus- 
sels.7! 

A 394-ft. long ski jump was constructed near Stresa, 
Italy.“ Another was built at the Los Angeles Coliseum, 
soaring 60 ft. above the tip of the bowl, and claimed to 
be the largest man-made ski slide. One hundred fifty 
tons of ice were put through a snow machine to form the 
blanket for the slide. The structure was made up of 
tubular frame units, 5 x 5 ft., spaced 7 ft. apart and fabri- 
cated into bents of any height with the cross bracing 
slipped over welded screws and tightened by means of 
thumb nuts.” 

Tubular sections have also been suggested for tem- 
porary hangars, although on somewhat different lines 
than the aforementioned temporary structures, in so far 
that the hangar structures were to be assembled by sec- 
tions, made up from tubes welded together. Thus, a 
model submitted to the French Army, consisted of 
rectangular, trussed, three-hinged arches (forming one 
bay) composed of four ready-welded sections to be bolted 
together in the field and lifted in place by derricks 
mounted on trucks. The tubes, made from steel of 
70,700 to 84,900 psi. tensile strength, varied from */, to 
2°/, in. in diameter, with a maximum length of 21.3 ft., 
and weight not exceeding 144 lb.” 

Small hangars for field repair work have been made of 
light tubing as a part of this country’s war production. 


Equipment Structures 


Probably the most promising field for the structural 
use of tubular members is that of mobile equipment, not 
only because tubular sections in themselves are eminently 
fitted to resist the forces generally characteristic of these 
structures, but also, and perhaps more so, because the 
resulting savings in weight are reflected in continual 
savings in operation, which many times may alone be suf- 
ficient to decide in favor of tubular construction. These 
sections have therefore found wide use in derricks and 
crane booms of all types. 


Derricks and Crane Booms 


Single steel tubes have been used for quite some time 
for crane masts and booms for various kinds of marine 
service.” However, the practicable sizes of single-tube 
booms are limited by the resisting moment at the base 
and by the permissible deflection. A logical develop- 
ment was the design of booms of the plate box girder 
type for naval service, where loads are heavy, spans rela- 
tively short, and great rigidity necessary. 

Although the plate box girder embodies a highly ef- 
ficient distribution of material, an improvement has been 
found in the more recent design of boat crane booms in 
the form of a box truss having tubular members. With 
a view to reducing the weight of these booms without 
sacrifice of either load capacity or rigidity, a general de- 
sign has been developed by the New York Shipbuilding 
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Fig. 50 


Corp., Camden, N. J., and approved by the Bureau of 
Ships, U. S. Navy. This design is typified by an all- 
welded tubular boom, which has been constructed in sizes 
suitable for tenders, battleships and aircraft carriers. 

Selection of sizes of the tube members was governed 
by stress analyses, based on the theory of statically inde- 
terminate space framework, and using the Moncrief 
formula for allowable unit stresses for compression mem- 
bers, with a maximum of 15,000 psi. Tests conducted 
by the U. S. Navy have verified the soundness of the de- 
sign, and the service records of this type of boom have 
been thoroughly satisfactory since 1933. 

The general design of the boom is a rectangular box 
truss, with the horizontal side the longer one, Fig. 50. 
Vertical members taper from a point near the middle 
toward both ends, while the horizontal members taper 
from the base toward the tip. Plate stiffeners, reduced 
by lightening holes, are inserted in the end panels. 
Closure of the horizontal members is by a semi-circular, 
portal plate. Gusset plates are introduced to stiffen 
all joints where diagonals and cross braces connect with 
chord members. In the vertical truss members, the 
gusset plates are welded to the near wall of the chord tube 
only; but the chord tubes are slotted so that gusset 
plates for joints of the horizontal members can be in- 
serted and welded to both the near and far walls. 

It was advantageous to consider tubing for this ap- 
plication, partly because of the much wider range of 
sizes from which to select the section with the most 
favorable radius of gyration and thus obtain the required 
rigidity with lighter compression members and with a 
smaller number of bracings in a given length, and partly 
because the material is of somewhat better quality, con- 
forming to the U. S. Navy Specifications for Structural 
Tubing. Both of these considerations are influential in 
attaining the objective of reducing the weight of the 
structure. 

Profiled tube ends were prepared by first using wrap- 
around templets to lay out the cuts. Hand gas torches 
made the first cut; then the finishing and beveling were 
done with portable grinders. Slotting of the tubes to 
receive the gusset plates was also done with the gas cut- 
ting torch. 

Size of welds on the tube joints ranged from */;. to 
*/s in., and welding procedures followed accepted prac- 
tice in pipe welding. 

Although steel tubing appears to be at a disadvantage 
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on a cost-per pound basis, this is largely, if not entirely, 
offset by the design, which utilizes minimum sizes in the 
construction, and by the systematic organization of the 
work. Cost figures are not available, but under the con- 
ditions it is safe to assume that the welded tubular boom 
is being built for no more than the over-all cost of previ- 
ous designs. 

Weight reduction, compared to designs utilizing plate 
and rolled shapes, has been estimated to 6000 Ib. on a 
boom capable of sustaining a static load of 45 tons. 
From the standpoint of operating cost alone, this is 
worth while weight saving in any piece of mobile equip- 
ment. 

Tubular construction was also used in the world’s 
largest barge derrick (1934) of 100 tons capacity, built 
by the Pennsylvania Shipyards at Beaumont, Texas.” 
The barge, 106 ft. long, 44-ft. beam and 9-ft. 6-in. draft 
is of all-steel construction and largely welded, and is 
equipped with ballast tanks to offset the weight of the 
loads handled. The tripod mast frame, consists of 
tubular members, 27 in. in diameter and 66 ft. long, 
braced together by welded lattice struts. Ladder rungs 
are welded directly to the tubes. The boom, 100 ft. 
long with a maximum cross section of 3 ft. 8 in. square, is 
made from structural sections, entirely welded. 

Another example of a floating derrick of tubular con- 
struction is one of 82.5 ton capacity, built in 1931 for a 
Dutch salvaging company.* The main members are 
seamless Mannesmann pipes, 29.5 in. in diameter with 
7/, in. wall thickness, and 108.3 ft. long. The bearings 
consisted of welded plate assemblies instead of steel 
castings, a rather unusual feature at that time. 

Turning to the land variety of derricks, tubular con- 
struction is likewise frequently encountered. Thus, for 
instance, the Harfnischfeger Corp., Milwaukee,” has 
used tubular sections for many years in the construction 
of crane booms. Booms of this type are standard on 
several models of the truck cranes manufactured by the 
company. Some of the designs use tube sections 
throughout, others tubing in connection with angles and 
channels; both types result in considerable savings in 
weight without sacrifice of load capacity. The advan 
tage of tubular construction is not entirely a matter of re 
ducing weight, always desirable in mobile equipment, but 
also one of increased rigidity, equally desirable. More 
than 500 of these truck cranes with tubular booms have 
been manufactured by the company. 

A rather unusual swing hammer-derrick of tubular 
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construction was built by an Italian company in Turin,” 
Fig. 51. At first glance it looks like an old-fashioned 
cast-iron structure and not at all as the up-to-date 
welded piece of construction it really is. Inside the ver- 
tical cylinder shell, seen in the illustration, is another 
column, likewise of tubular section welded together -of 
bent plates, fixed to the concrete base and carrying on its 
top a pivot (spherical) bearing, supporting the entire 
weight of the revolving part by means of another steel 
casting resting on top of the fixed bearing. The sheave 
for the hoisting line as well as the ties to the load—and 
counterweight—arms are fastened to this casting. The 
operating house, attached to the revolving shell, con- 
tains the motors for lifting the load and for turning the 
outer shell on its rack. The capacity of the derrick is 
22 tons, the reach 57.4 ft. and the maximum height of the 
hook above the pier surface, 46 ft. 

Tubular sections are often used in the field for what 
one, lacking a better term, might call improvised equip- 
ment. A ‘“‘home-made’’ 5-ton derrick, built on the job 
(Mono Craters Tunnel, Los Angeles water supply pro- 
ject), was thus made up of pipe sections.” The 16-ft. 
mast was made of 8-in. pipe; attached to it and rotating 
with it was the wooden platform for the operator and the 
two hoists driven by compressed air that operate hoist- 
ing line and boom line, respectively. The two stiff legs 
supporting the mast were 6-in. pipe and had one horizon- 
tal and two inclined braces of 2-in. pipe. All pipe joints 
were welded. The two legs and the two stays were 
bolted at the base to steel bars embedded in concerete 
footings. At the top of the mast the two stiff legs were 
attached to a vertical shaft or pin extending down a few 
inches into the mast inside a collar, permitting the mast 
to rotate around the pin. 

The Union Oil Co. of California’ constructed portable 
derricks out of scrap drill pipes, after a violent storm had 
destroyed a great many wooden structures, and was in 
this manner able to save a considerable sum of money. 
These derricks were 46 ft. tall on a 16-ft. square base. 
The corner posts were made of 5-in. drill pipe, set in con- 
crete by means of 1-in. boiler plate, 16 in. square. Cross 
braces were 2'/»-in. tubing and short lengths of 10-in. I- 
beams were welded across the ends of the posts where 
they come together at the top, with two 10-in. I-cross 
members for supporting the crown blocks. Short pieces 
of */4-in. round rods were welded on the outside of one of 
the corner posts at intervals of about 18 in., thus eliminat- 
ing the necessity of a separate ladder. These derricks 
were as strong and serviceable as the original ones, and 
very reasonable in cost. They were transported to the 
wells by trucks and raised completely assembled. 

A very light hoisting structure,®® 13.1 ft. high, 8.2 ft. 
wide and capable of handling loads up to 11,000 Ib. was 
built from 1 to 1'/2-in. tubes gas-welded together. 
Each tripod support weighed 165 Ib. and the trussed 
cross tube 88 lb. The saddles for the cross beam were 
made of 0.28-in. plate bent hot. The cross braces in the 
tripods were 3.3 ft. apart, with ladder rungs half way 
between them on one side. The structure can easily be 
moved. 


Miscellaneous Structures 


Closely related to the equipment structures, described 
in the foregoing, is the tubular construction found in 
dredges, pile drivers, excavators, etc. 

Sometimes it has been found necessary to increase the 
depth of existing dredging equipment and at the same 
time keep the weight as low as possible.*' This was ac- 
complished by substituting lighter buckets and light 
tubular booms without any sacrifice of strength and 
rigidity. The savings in weight, realizable in such 
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booms over similar angle and channel construction, 
amounted to 30 to 35%. 

Tubular members have also been used in pile driver 
construction, resulting in light and rigid structures.® 
A tripod structure was used in this particular case, and 
so arranged that piles could also be driven in inclined 
position, forward, backward or sideways. The structure 
can easily be taken apart or shortened. 

Tubular booms have also been used in excavating ma- 
chinery construction.* In the all-tubular type of boom, 
the chords as well as the lateral bracing are standard 
pipes welded together; such a boom is lighter than a 
boom of the same load-carrying capacity made from 
structural angles. The tubes may be welded directly, 
thus eliminating gusset plates, except at the top and base 
where it is necessary to drill holes for pin connections. 

Some interesting tests*® were recently conducted to de- 
termine experimentally the relative strengths of alloy 
and carbon steel tubular booms made with the same size 
of sections. The respective safe loads were found to be 
practically in direct proportion to the yield points of the 
materials used, 35,000 psi. for carbon steel, and 50,000 
psi. for alloy steel. 

In making these tests, the boom was raised to a high 
angle so that the load was being carried at about 10 ft. 
from the center of rotation of the excavator. Test 
weights were then hung on the load block and the loading 
gradually increased until failure occurred, which took 
place at a point about one-third of the distance up from 
the boom base. At the point of failure, the tubing bent 
nearly double without breaking open, demonstrating 
its excellent physical properties. A very close inspec- 
tion of the welds disclosed no cracks in any of the joints. 

An alloy steel tube boom, built and tested in exactly 
the same manner, failed at a load 45% higher than that 
of the carbon steel boom. This figure checks very 
closely with the percentage difference between the yield 
points of the two materials. 

Another type of welded alloy steel boom, which has 
proved successful and which has produced outstanding 
weight economies, is one in which the chord members are 
made of low-alloy high-tensile steel angles and the lateral 
members of alloy steel or carbon steel tubing.™ 

A very neat piece of welded tubular equipment con- 
struction is a shop monorail, of 10-ton capacity, built by 
the Union Oil Co. of California at their yard at Santa 
Fe Springs for handling heavy parts.“ The structure is a 
three-chord truss with the monorail, made of 10-in. I- 
beams, acting as bottom chord, Fig. 52. The beams are 
butt welded together with reinforcing plates welded on 
the top at the splices. The two top chords are 3-in. 
pipe, braced horizontally by struts only; all bracing 
members are 2-in. pipe. The bents consist of 6-in. pipe 
posts with 4-in. pipe bracing. The pipes were scrap 
drill pipe 6f greater strength and durability than ordi- 
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nary pipe, and in this case available at a great saving in 
ost. 

° Construction of the monorail was completed in two sec- 
tions, each started by first placing the I-beams on blocks 
on the ground and completing the welding of the joints. 
A scaffold was then built over the I-beam to support the 
two lines of 3-in. pipe and to hold them at the proper dis- 
tance from the monorail. The 2-in. pipe braces were 
then measured, fitted and tack welded in place, after 
which the operation of welding was completed, and the 
structure hoisted in position. 

A tubular structure of impressive size and unique de- 
sign is the towing carriage, Fig. 53, used in the new David 
W. Taylor Model Basin at Carderock, Md.* The design 
of the carriage utilizes the spherical type of joint (see 
Construction), where several tubes come together in one 
single intersection. The towing carriage is about 70 ft. 
in length and 9 ft. deep. Since the apparatus is planned 
to operate with the accuracy of a precision instrument, 
the design required that all parts be of the greatest prac- 
ticable strength and rigidity with the least weight. The 
spheres used at the joints were of cast steel, */s in. thick, 
and stiffened with a diaphragm of the same thickness. 
Figure 54 shows two of the joints. This towing carriage 
is thought to be the largest structure employing the 
spherical type of joints. Two more carriages were to be 
constructed with these joints used even more extensively. 


Summary 


In the foregoing the design, construction and character- 
istic features of tubular members have been briefly re- 
viewed, and their structural use illustrated by typical 
examples from various fields of construction, as reported 
in the technical literature. 

This necessarily somewhat summary résumé indicates 
clearly, as was stated at the outset, that the use of tubu- 
lar sections in structures, although more advanced in 
some fields than in others, is as yet but in its beginning, 
and that there is a long way to go before these sections 
have achieved a place in structural engineering commen- 
surate with their many valuable features. 
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One of the former greater obstacles to that end, 
namely, the difficulty of realizing adequate and eco- 
nomical tubular connections, appears now, by the means 
of welding, in process of being rapidly overcome, al- 
though still offering a fruitful field for improvements. 
The other main obstacle, the higher cost per pound of 
tubular over rolled sections, remains, however, still a 
serious handicap, which in many cases is not easily over- 
come by the economy in weight and other advantages of 
tubular members. No greater impetus, therefore, could 
be given to the wider use of tubular sections in structures, 
than a substantial reduction in this prevailing price dis- 
parity. However, as previously emphasized, there is 
undoubtedly considerable opportunity for influencing 
economy by skilful design and detailing and by simplifi- 
cation of fabrication and erection. 

The wide variety of examples of tubular construction, 
presented in the foregoing, demonstrates definitely that 
the potentialities of tubular sections in structures are 
generally recognized, although remaining yet to be fully 
realized. 


Research Program 


Several research problems, bearing on the use of tubu- 
lar steel sections in structures, have been suggested, some 
of them coming under the classification of metallurgy. 
The most important ones seem to be: 

1. Investigation of the properties of the welding zone 
in tubes, and the factors that affect same; especially the 
hardness and how to control it; also the effect of the 
carbon content. 

2. Investigation of hardness resulting from cold draw- 

ing, together with factors that govern same. 
3. Study of suitable, non-destructive methods for 
determining the quality of the weld in the tubing, and 
recommendation for proper procedure for tube testing in 
the mill. 

4. Investigation to determine the possibility of weld- 
ing special high-tensile low-alloy steels successfully. 

5. Study of the effect of various speeds and frequen- 
cies of welding. 
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Behavior of Spot Welds Under Fatigue 
Stress 


By A. M. Unger,* H. A. Matis,* and E. P. Gruca* 


HE natural development of any art continually 
brings up problems which are a consequence of 
that development. As the more fundamental 
propositions are solved the art branches out because of 
the new ideas which arise from the basic points, culminat- 
ing at some future time into a tool which science and in- 
dustry utilize with complete faith. Yet this is not the 
ultimate end. Questions continually arise with the 
utilization of the art to new problems and applications. 
Resistance welding during the past decade has pro- 
gressed rapidly in the manner outlined above. It isa far 
cry today from the manually operated machines, where 
the three important variables—welding time, current 
and pressure—were subject to change with every weld, 
to the modern machines which automatically control 
these variables, producing welds which are consistent 
and reach the desired predetermined physical properties. 
Spot welding was first used on items which carried 
very little stress, but as designers gained confidence in 
the welds, it reached a stage where spot welding replaced 
riveting in the fabrication of automobile frames, railroad 
car side and roofs, and is slowly replacing riveting in 
aircraft. 


Testing of Spot-Welds 


A natural function of the growth of spot welding was 
the use of new testing methods. Standard shear and U- 
tensile tests are now widely used.' These are static tests, 
however, and designers are continually using spot welds 
in new applications where they are under dynamic stress 


* Plant Engineer, Welding Engineer and Metallurgist, respectively, Pulle 
man-Standard Car Manufacturing Company, Chicago, III. 
1 THe WELDING JouRNAL, 19 (9), Research Suppl., 333-s to 334-s (1940). 


Fa 


Fig. 1—Krouse 


tigue Testing Machine-Running Setup 


Fig. 2—Fatigue Machine with Loading Device 


and these stresses imply mainly impact and fatigue 
stresses. A simplified test method for the former was 
described recently in a paper by the authors,’ but very 
little published data is available on the fatigue testing 
of spot welds. Fatigue testing is a time-consuming 
operation which may be the primary reason why research 
groups have been loathe to do such work. As the matter 
stands now, fatigue testing of spot welds is done in vari- 
ous laboratories independent of each other and using 
testing equipment individually designed and made by 
the user. During the course of the last year, the AMERI- 


2 Jbid., 21 (2), Research Suppl., 94-s to 98-s (1942). 
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Fig. 3—Comparison of Fractures in 1 and 2-In. Wide Specimens 


CAN WELDING Society has been conducting a fatigue 
research program which, when finished, should be an im- 
portant step toward the standardization of fatigue test- 
ing. This paper will describe a simple fatigue test which 
can be undertaken at a minimum of time and expense. 

Spot welds are subject to stresses in two main direc- 
tions. One is a stress that is along the axis of the pieces 
welded together tending to shear the weld, the other is a 
stress caused by a tendency to bend the sheet or ‘‘peel’”’ 
the spot weld. This paper is mainly concerned with the 
peeling type of stress. 


Description of Fatigue Testing Equipment 


The equipment used to conduct the fatigue tests de- 
scribed in this paper are standard Krouse sheet metal 
fatigue testing machines. A spot-welded specimen was 
designed that would fit the standard attachments of this 
machine. Figures 1 and 2 show views of the machine. 
The machines are of the fixed deflection type. The speci- 
mens are held at one end in a vise with the other end 
joined to a connecting rod through a flexible joint. The 
connecting rod is joined to a variable throw crank which 
is adjustable so as to vary the stroke over a wide range 
and so proportionately change the load. The crank 
contains an inner eccentric crank pin and by loosening a 
locking screw the pin can be rotated with respect to the 
outer shell, greater deflection resulting as the pin is 
moved more off center. 

The vise is adjustable so that any range of stress on 
specimen can be obtained by moving the vise along its 
ways; that is, with reference to a complete reversed 
cycle of stress (100% up—100% down) or (100% up— 
0% down), if desired. 
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By applying dead loads on the specimen at its junc- 
tion point with the connecting rod, stress-deflection 
curves may be obtained. This is done by removing the 
connecting pin from the joint and inserting it through 
the connection pin bearing with the connecting arm out 
of joint. The connecting pin bearing has a removable 
pointer which indicates the deflection ona scale attached 
to the vise assembly. The deflection produced by any 
load is obtained by making the joint with the pin and 
adjusting the variable crank to give the desired deflection. 

Revolutions are determined by a counter registering up 
to 100 million cycles. An automatic shutoff is provided 
by having the connecting rod strike an arm directly at- 
tached to a switch when the specimen fails. 

The machine is driven by a one-quarter-horsepower 
motor running at 1750 r.p.m. 


Fatigue Specimen 


The fatigue specimen is made from two pieces of sheet 
joined together with a single spot weld. The length of 
the specimen was made the same as the standard sheet 
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metal specimen that the machine was originally designed 
for. Originally the width of the specimen was chosen 
at 2in. A large variation in the results was obtained, 
depending upon the direction that the fatigue crack 
chose to run. It was necessary to reduce the width of 
the specimen to 1 in. so that the fatigue crack always ran 
across the specimen. Figure 3 shows the failure of 2-in. 
and l-in. specimens. Figure 4 shows a sketch of the 
final specimen adopted. Over-all length is 3*/s in. with 
a width of lin. The connecting bearing is attached to 
the loading end and has a center line 3°/; in. from the 
oppositeend. The vise grip is $/,in. deep leaving 27/s in. 
as the working length. Individual pieces of the speci- 
men are 1’7/s x 1 in. and 2'/, x 1 in., spot welded with a 
l-in overlap, the weld centered in the lap area. 

The specimen pieces were sheared from stock material 
and all burred edges removed on a paper emery wheel. 
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Before welding the pieces were cleaned from dirt and 
grease and the overlap and weld centers marked. Holes 
for the connecting link bearing were drilled after welding. 


Materials Used 


In choosing materials for the fatigue tests, it was de- 
cided to use two 18-gage materials in standard use on struc- 
tures subjected to dynamic stresses. One of these was 
to be of a type that hardened under the welding heat and 
the other of a type that softened under the welding heat. 
A low-alloy steel called Cor-Ten was chosen for the first 
and high-tensile stainless for the second. The Cor-Ten 
had a yield point of 55,000 psi. and an ultimate of 75,000 
psi.; the 18-8 cold-rolled high-tensile stainless had an 
ultimate strength of 120,000 psi. 


Test No. 1 
Macrographs of Fatigue Results with Varying Heat—See Table 1 


Fig. 5A—Cor-Ten. X7 
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Fig. 5B—18-8 High-Tensile Stainless Steel. x 7 
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Test No. 2 


Fig. 5C—Cor-Ten. xX 6 


Fig. 5D—18-8 High-Tensile Stainless Steel. x 6 


Macrographs of Fatigue Results with Varying Time—See Table 2 


Preliminary Testing 


Preliminary test work that was performed to be- 
come familiar with the operation of the fatigue machines 
brought to light certain facts. It was first thought that 
load deflection curves could be obtained from a few 
samples that would hold true for the entire series. 
However, practically every load curve deviated a small 
amount and this caused the individual loading of each 
specimen to get the deflection. 

The other important fact noted was the distortion 
present in the specimens. This was due to the spot- 
welding heat and the readings on the indicating scale 
with the connecting arm free showed an average distor- 
tion range of 5/4, in. The effect of this distortion was to 
cause unequal stress loading on the specimen, for in- 
stance, instead of an equal up and down displacement 
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from dead center, the stress cycle may have been 70% up 
and 30% down. By moving the vise this error was cor- 
rected on each specimen. All tests run used a com- 
pletely reversed stress cycle. 


Results of Tests on Alloy Steels 


Resistance welding has to contend with three main 
variables, heat, time and pressure. Through research 
more or less standard settings have been determined for 
the different types and gages of steel. With a knowl- 
edge of this, the test samples were made at the timing and 
pressure used in production—12 cycles for Cor-Ten, 10 
cycles for stainless, at 1200 lb. electrode pressure for 15- 
gage material, varying the heat from minimum to maxi- 
mum. Table 1 shows results of the various standard 
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Table | 
12-Cycle Weld—18 Gage (0.050) 
Cor-Ten Welding Shear U-Tensile/ Impact 


Fatigue Tests 


Fatigue tests were made of each of the groups of the 
series mentioned above. The results of the Cor-Ten 
fatigue tests are shown in Fig. 6 with the curve for Series 
1 shown dotted as all the samples broke at the vise. It 
should be noted that as the heat was increased in the 
making of the weld, Series 1 to 5, the fatigue strength 
first decreased and then increased as the size of the weld 


Series Current, Lb./ U-Tensile Shear Ft.-Lb. 
“No. Amp. Spot Lb./Spot Ratio Spot 
1 6,940 800 510 0.637 2 
2 11,720 2590 470 0.187 16.5 
3 14,300 3020 705 0.234 23.5 
4 16,500 2915 680 0.233 37 
5 19,080 2935 590 0.201 60 
10-Cycle Weld—18 Gage (0.050) 
Stainless 
Series No. 
6 5,850 405 480 1.185 1.5 
7 6,750 1185 1410 1.190 2.5 
8 8,750 2245 1820 0.810 5 
9 11,250 2420 1860 0.768 6 
10 14,400 3225 2275 0.705 12 


tests on these spot welds. 


Number 1 is the weld with 


lowest heat for Cor-Ten and No. 6 for the stainless. The 
heat was varied in gradual steps to the maximum heat for 
Specimens 5 and 10. As a second part of the test, tim- 
ings of 4, 7, 10, 15 and 20 cycles were used at maximum 
heat settings to give a large spot. Table 2 lists the 
physical properties of these spot welds. Figures 5 (A), 
5 (B), 5 (C) and 5 (D) show macrographs of each weld 
and the accompanying fractures. 


Fig. 6—Fatigue Test No. 1. 18 Gage Cor-Ten-12 Weld Series 
Nos. 1 to 5—Varying Heat. See Tables 1 and 3 


Table 2 

Cor- U-Ten- 

Ten Shear U-Ten- sile / Impact 
Series Welding Lb./ sile Shear Ft.-Lb./ 
No. Current Cycles Spot Lb./Spot Ratio Spot 

1l 19,080 4 2570 620 0.242 17 

12 17,350 7 2755 605 0.220 15 

13 15,400 10 2725 575 0.211 20 

14 13,400 15 2735 605 0.221 20 

15 12,950 20 2735 615 0.225 20 
Stain 

less 
Series 

No. 


16 15,900 4 2355 1955 0.830 7 
17 14,700 7 2890 2285 0.790 10.5 
18 12,400 10 2840 1935 0.680 10.5 
19 10,500 15 3165 2050 0.647 11 
20 9,350 20 3120 2380 0.763 11.5 


Fig. 7—Fatigue Test No. 1. 18 Gage Stainless Steel 10 Weld 
Series Nos. 6 to 10—Varying Heat. See Tables 1 and 3 


STRESS 


/0* /0” 
Fig. 8—Fatigue Test No.2. 18 Gage Cor-Ten Series Nos. 11 to 15 
Timing 4-20 Cycles. See Tables 2 and 3 
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| iit Cyedes | 
Fig. 9—Fatigue Test No. 2. 18 Gage Stainless Steel Series 
Nos. 16 to 20 Timing 4-20 Cycles. See Tables 2 and 3 
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‘Fig. 10—Typical Fatigue Failure of Cor-Ten Spot Weld Through 
the Heat-Affected Zone. x 100 
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Fig. 11—Typical Fatigue Failure of 18-8 High-Tensile Stainless 
Spot Weld Through Heat-Affected Zone. x 100 


increased. Figure 7 shows curves of the high-tensile 
stainless fatigue results. Similar results were obtained, 
that is, the strength first decreased and then increased as 
the size of the weld increased from minimum to maxi- 
mum. 

Figure 8 shows results of fatigue tests on Cor-Ten with 
various timings from 4 to 20 cycles with almost maximum 
heat. It is noted that the lowest timing gave the best 
results. 

Figure 9 shows results for fatigue tests on the high- 
tensile stainless specimens with the same range of timing. 
It is noted that the endurance limits are much lower than 
that of Test 1. While larger spots in that test showed 
favorably, the welds in Test 2 were made at a maximum 
heat and some splitting occurred. The effect of this 
splitting dropped the fatigue limits considerably. How- 
ever, in Series 20 the weld was made with a negligible 
amount of spitting and an extremely low value obtained. 
From this it is apparent that long timings are undesir- 
able. These two factors of excessive heat and incorrect 
time can greatly reduce the fatigue limit in high-tensile 
stainless which is more sensitive to these variables than 
Cor-Ten. 
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Table 3—Endurance Limit Values at 10,000,000 Cycles 


Test 1—With varying heat from minimum to maximum: 
Cor-Ten—12 Cycles 


18.8 Stainless—10 Cy, 
Series Stress, Series Seen 

No. Psi. No. Psi." 

1 20,300 6 20,500 

2 17,200 7 20,000 

3 16,000 8 11,000 

4 16,200 9 15,000 

5 20,500 10 16,400 

Test 2—With various timing: 

Cor-Ten 18.8 Stainless 
Series Stress, Series Stress, 
No. Psi. Cycles No. Psi, 
11 20,300 4 16 13,500 
12 19,100 7 17 14,200 
13 17,500 10 18 12,300 
14 14,900 15 19 11,400 
15 15,700 20 20 7,500 


Assuming the fatigue specimen to act as a cantilever 
beam on transmitting the stress the bending stress can 
be calculated by the flexure formula: 


= MC _ GPL 


I bd? 
where 
P = load at connecting pin in pds. 
S = bending stress in psi. 
L = distance in inches between connecting pin and 


test section 


Fig. 12—Macrographs Showing Location of Fatigue Fracture with 
Varying Stress 
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, = width of specimen in inches at distance L from 
point of load application 

} = thickness in inches 

The approximations made in using this formula are: 
the specimen is considered as a continuous beam and 
that the load is carried by the area of one sheet thickness 
with the distance L, taken at the spot center. Actually, 
as will be shown further in the paper, failure occurs out- 
side of the weld sometimes on the side closest to the load 
application and other times on the side furthest away. 
By taking the stress distance at the weld center an aver- 
age is obtained. 

Table 3 shows the results of the endurance tests de- 
scribed previously calculated on the above basis. 


Location of Fatigue Fracture 


The maximum stress in a spot weld occurs at the 
notch formed by the junction of the two sheets. This 
notch acts as a stress raiser. Photoelastic stress analysis 
has shown that practically all of the stress carried by the 
joint passes through the notch region and high stresses 
are set up. One would naturally expect a spot weld to 
fail in fatigue at this point. This is, however, not al- 
ways the case as can be seen by examining the macro- 
graphs shown in Figs. 5 (A), 5 (B), 5 (C) and 5(D) and 
Fig. 10, a micrograph, showing the structure and fracture 
in the heat-affected zone. There are tworeasons that can 
be advanced for the fracture occurring in the location 
shown and undoubtedly both play an important part. 
The specimens shown in Figs. 5 (A) and 5 (C) are of Cor- 
Ten steel. The metal in the weld and heat-affected zone 
has increased in hardness, and thereby in tensile strength. 
Tests made of tensile specimens of Cor-Ten steel quench 
hardened in water to a hardness of 365 Brinell showed it 
to have an ultimate strength of 177,000 psi., and by the 
0.2% offset method a yield strength of 138,000 psi. The 
fatigue strength of the material has no doubt been raised 
proportionately. The maximum stress in the weld, as 
mentioned previously, is at the notch, but the strength of 
the material at this location is higher. It is possible 
that the first point in the welded joint where the stress 
exceeds the fatigue strength of the material is at the end 
of the heat-affected zone. The second reason, that can 
be advanced for the fatigue crack not beginning at the 
notch, is that the sheet is increased in thickness at that 
point. By a close examination of the macrographs, it 
can be seen that the welding heat has caused the material 
to expand and upset around the zone of fusion. This 
upset area extends almost to the end of the heat-affected 
zone. The increased thickness will reduce the stress 
existing in that portion of the joint. The combination 
of the two factors—increased strength due to hardness 
and the reduction in stress due to increased thickness— 
appear to be very sensible reasons as to why the fatigue 
fractures in these specimens occurred at the end of the 
heat-affected zone. 

Figures 5 (B) and 5 (D) show a macrograph of the 
fatigue fracture of stainless steel specimens and Fig. 11 
shows a micrograph of a typical fracture. The metallur- 
gical effects accompanying the spot welding of Cor-Ten 
and stainless are opposite from each other. Cor-Ten has 
no great amount of alloying elements and tends to act as 
an ordinary low carbon steel and the quenching effect 
of the cold metal surrounding the weld raises the hardness 
of the weld and heat-affected zone. High-tensile stain- 
less on the other hand has obtained its hardness and 
Strength by cold rolling, and the heat and quenching ef- 
fect of the weld softens the material. In Fig. 11 it is 
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Fig. 13—-Macrographs of Same Samples as in Fig. 12 but Taken at 
Right Angles to That in Fig. 12 
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noted that the fracture of one of the specimens is located 
at the notch formed by a region of incipient fusion well 
within the heat-affected zone. Softening of the metal 
in this case is a definite disadvantage for fatigue stresses. 

In order to determine the fracture location under con- 
ditions of extreme stress Cor-Ten specimens were loaded 
in the following manner: 


Sample No. Stress, Psi. Cycles to Failure 
A 39,000 8,000 
B 34,000 24,000 
Cc 27,200 113,009 
D 16,400 3,286,000 


The macrographs in Fig. 12 (A, B, Cand D) shows that 
under high stress the crack starts at the part mentioned 
before but continues into the parent metal instead of 
following the heat-affected parent zone. As the stresses 
are lowered the usual fracture happens. 

Figure 13 (A, B, C and D) shows the same samples as 
Fig. 12, sectioned through the center of the sheet on the 
flat surface. These pictures show the manner in which 
the fracture tends to follow the heat-affected parent 
metal periphery as the stress is decreased. 

This may be explained as follows: under severe stress 
the fracture will start at the junction mentioned before 
and once started, if the stress at that point is over the 
yield point of the metal, failure will continue through 
distortion of the parent metal. In actual fatigue failure 
no distortion should occur since the stress is below the 
yield point; the crack being continuous along a path 
which has stress-raising characteristics because of metal- 
lurgical variations. In other words, under larger stress 


the more common factors inducing fatigue failure ar, 
nullified because of gross physical overstress, while under 
lower stresses the effect of surface finish, notch effect and 
heat-affected zone tensile strength gradients come int, 
play. 

Failures in the high-tensile stainless steel specimens 
were different. The weld metal and heat-affected zon. 
are much softer because of the annealing effect of the 
weld heat, while carbon steel as Cor-Ten hardens 
This means a lower unit strength in the weld and aq. 
joining zone of the stainless steel weld. The welding 
heat was high enough to cause partial fusion in the heat. 
affected zone of the stainless steel weld, which had 
strength enough to cause the formation of a notch away 
from the weld nugget. Since the heat-affected zone 
metal was weaker than that of the parent sheet, this fact 
and the presence of the notch caused failure at the notch, 
which, of course, is only to be expected. The zone of 
partial fusion can only resist lower stresses and cannot 
withstand the ordinary shear and U-tensile tests. 


Future Work on Fatigue Tests 


This paper has been prepared to stimulate interest in 
fatigue testing and the theories presented here are by no 
means conclusive but are only based on the results of pre- 
liminary tests. It is not the results so much that should 
be emphasized but rather the test method and the im- 
plications set forth. 

When one considers the testing of different combina- 
tions of metals and gages welded at various setups, it 
is only then fully realized what an enormous and time- 
consuming task there is before fatigue researchers. 


Welding of 4 to 6% Chromium 
Molybdenum Titanium Steel 


By Ernest H. Wyche* 


hardness resulting from welding the 4 to 6% chro- 

mium molybdenum titanium grade of stainless 
steel using several types of welding rods, and, in addi- 
tion, to determine the composition of the deposited weld 
metal. 

The steel selected for this job was a 5'/2-in. O.D. 
seamless pipe having a '/; to 5/s-in. wall thickness. 
Circumferential arc welding was employed, using suc- 
cessively for each quarter of the circumference the fol- 
lowing electrodes: 


r VHE object of this investigation was to study the 


1. 4to6% chromium molybdenum. 

2. 4to6% chromium molybdenum columbium. . 
3. 18% chromium-8% nickel plus columbium. 

4. 18% chromium-8% nickel plus titanium. 


It was decided to explore the hardness of these speci- 
mens using the Vickers or Firth ({) hardness machine 
rather than the Rockwell machine because by so doing 
it is possible to make a more thorough survey with 


* Assistant to Chief Metallurgist, Wood Works, Carnegie-Illinois Steel Corp 

+ Vickers or Firth hardness values are almost identical to Brinell values up 
to 350; for readings harder than this the two scales gradually diverge, the 
Brinell values being the lower of the two. 
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Taken at intervals of .04 inches 


Fig. 1—Sketch of Pipe Showing Location of Hardness Measurements 
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the impressions closer together and all readings on one 
hardness scale. 

Furthermore, results on one hardness scale are easier 
to show graphically. Accordingly, hardness impressions 
were made at 0.040-in. intervals, the zone explored ex- 
tending in a straight line from the base metal across the 
weld metal at right angles and into the base metal again. 
Each row of hardness impressions was made on a line 
parallel to the longitudinal axis of the pipe; one row of 
impressions being near the outside surface of the pipe, 
the other row of impressions being near the inside sur- 
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Cr-Mo-Ti Pipe Using 18-8 Cb Rod 


Fig. 3—-Vickers Hardness Survey of Circumferentially Welded 4 6 
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WELDING CHROME MOLYBDENUM TITANIUM STEEL 


face of the pipe. The location of these hardness impres- 
sions is shown in Fig. 1. 

Figures 2 to 5 are each two figures in one, so to speak. 
The hardness value of each impression is graphically 
plotted for each row, those being near the outside sur- 
lace or circumference of the pipe are entitled “outside 
pipe, and those being on the line near the inside cir- 
cumference of the pipe are entitled “inside pipe.’ In 
addition to this, a sketch of a cross section of the pipe is 
superimposed showing the wall thickness and the weld 
using a slightly magnified scale but one conforming with 
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Fig. 5—Vickers Hardness Survey of Circumferentially Welded 4-6 
Cr-Mo-Ti Pipe Using 5 Cr-Mo Rod 


Fig. 4—Vickers Hardness Survey of Circumferentally Welded 4-6 
Dine Tleing 4-6 Cr.Ma.Ch Rod 
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Table 1—Maxima and Minima Firth (or Vickers) Hardness Value Obtained on 4/6 Cr-Mo-Ti Pipe Circumferentially 


Welded with Several Types of Electrodes 


- —In Weld Metal—— — ——In Base 

Type of Near Outer Near Inner Near Outer Near Inner 
Electrode Circumference Circumference Circumference Circumference 
Used Max. Min. Max. Min. Max. Min. Max. Min 
4/6 Cr-Mo 363 301 289 249 231* 115 173 117 
4/6 Cr-Mo-Cb 355 301* 249 240 301* 120 167* 124 
18-8 Ti 240* 178 437 224 268 117 145 115 
18-8 Cb 202 178 249 184 184* 120 134 117 


* At juncture of the weld metal and base metal. 


the distance between the actual hardness impressions. 
Thereby, it is possible to ascertain not only what hardness 
is obtained in the steel with a particular electrode but also 
the point where the hard spot or soft spot occurs in its 
relation to the base metal, the heat-affected zones or the 
deposited weld metal. 

Table 1 gives the maxima and minima hardness values 
for each rod and where each point occurs in relation to 
the weld. 

The analyses of base metal and deposited weld are 
given in Table 2. 


Discussion 


Generally speaking, there appears to be little differ- 
ence between the use of a 4/6 Cr-Mo electrode and a 4/6 
Cr-Mo-Cb electrode in so far as hardness of deposited 
metal is concerned, the latter producing a slightly softer 
weld bead. Between the two 18-8 electrodes there is 
a considerable difference, however. The 18-8 Ti weld 
metal attained a much greater hardness than the weld 
metal resulting from the deposition of the 18-8 Cb rod. 
It is interesting to note that 3 out of 4 of these “hard- 
ness peaks’’ occurred at a point in the deposited metal 
which was very close to the parent metal. This is be- 
lieved to result from the formation at this point of a 
C-Cr-Ni alloy of such a composition that, when sud- 
denly cooled by the surrounding base metal, it forms a 
hard martensite. It should be noted, however, that the 


Cc Mn Si 
Base metal 0.05 0.36 0.39 
4/6 Cr-Mo-Cb weld 0.07 0.34 0.29 
4/6 Cr-Mo weld 0.06 0.44 0.33 
18-8 Ti weld 0.10 0.27 0.53 
18-8 Cb weld 0.05 0.42 0.41 


Table 2—Analyses of Base Metal and Deposited Weld 


18-8 Ti weld has a higher carbon content than the 18-8 
Cb weld. The chemical compositions of the welding 
electrodes used are not available but, judging from the 
above results and from previous experience, the titanium 
was lost during welding to a greater extent than the co- 
lumbium and thus more carbon was available for air 
hardening following welding. 


Conclusions 


The results of this investigation show that 4 to 6 Cr- 
Mo-Ti is a non-hardening base metal for welding and 
that of the various electrodes used 18-8 Cb produced 
the best welds, there being only a very slight amount of 
hardening resulting from dilution of weld metal by the 
base metal. If in certain applications it is desirable to 
further minimize the hardness resulting from dilution 
we suggest the use of electrodes having higher alloy con- 
tent such as 25% chromium-12% nickel, or better still 
25% chromium-20% nickel. Previous investigation! 
has shown that by using higher alloy electrodes the zone 
of maximum hardness is narrowed down to such a de- 
gree that, although its presence can be detected by micro- 
scopic examination at a very high magnification, the 
harmful effect on mechanical properties is practically 
negligible. 


t Discussions of paper presented by R. W. Emerson on “‘Effects of Alloying 
in Metallic Are Welding” in Welding Research Supplement, April 1940. 


Cr Ni Mo Ti Cb 
4.84 0.16 0.55 0.24 0.00 
5.34 0.28 0.55 0.02 0.21 
4.74 0.24 0.65 0.00 
16.73 9.39 . 0.018 0.00 
16.49 9.43 im 0.35 
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Our Research Laboratories 


Rensselaer Polytechnic Institute 


HEN one thinks of welding research at 

R.P.I. one automatically associates the name 

of Dr. Wendell F. Hess with this work. The 
activities of the research group at R.P.I. have been 
varied, covering arc, gas and resistance welding. In the 
last mentioned field, it ranks as the major research labo- 
ratory of this country. 


A Description of Research Facilities at the University 


The welding laboratory of the Rensselaer Polytechnic 
Institute includes equipment for all of the most impor- 
tant processes. Electric arc welding may be performed 
either manually or automatically, with alternating or 
lirect current. Three d.-c. equipments provide low, me- 
dium and high ranges of current, from 25 to 600 amp. 
The a.-c. equipment comprises transformers for medium 
and for high ranges of current from 100 to 750 amp. 
The automatic metallic arc-welding equipment may be 
used on either alternating or direct current and with bare 


or covered electrode or single-electrode feed. Automatic 
carbon-are equipment is also available with provision 
for the addition of filler metal and the use of a powdered 
flux. 

Atomic-hydrogen welding equipment is also available 
with 30- and 60-amp. torches. Gas-welding equipment 
includes a group of torches for manual welding and cut- 
ting. Cutting equipment also includes a straight-line 
cutting machine which has been very useful in the prepa- 
ration of plates for welding, and a shape-cutting ma- 
chine capable of cutting on curves in accordance with 
templates or circles by means of radius rods. Resist- 
ance-welding equipment includes a large and small spot 
welder, a seam-welding machine and a flash-welding ma- 
chine. The resistance-welding equiprhent is supplied by 
a large motor generator set in order to absorb the large 
single-phase load which may be drawn by the resistance- 
welding equipment which would normally create too 
heavy a demand on the Institute power system. 

Electronic control equipment provides a maximum 
flexibility for research in the field of spot and seam weld- 


General View of Laboratory 
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ing. The control is equipped for automatic postheating 
and for a wide variety of special welding sequences to 
permit the spot welding of heavy plate. 

The purpose which has governed the selection of equip- 
ment from the very beginning was to provide equipment 
suitable for research and not simply for instruction or 
demonstration. Features were incorporated to permit 
fundamental research by providing flexibility of arrange- 
ment and accuracy of control of the welding variables. 
The variety of the equipment is wide and the number of 
units of any one kind is small. The laboratory is thus an 
engineering laboratory in the department of metallurgi- 
cal engineering and is not used to supplement the usual 
shop courses. The laboratory is used by the various stu- 
dent groups studying welding to supplement the theory 
with just sufficient laboratory experience to better 
grasp the underlying principles. Time is not available 
for acquiring manipulatory skill. 

In addition to the regular equipment which is the 
property of the welding laboratory, there have been for 
the past two years from one to three machines in the 
laboratory on loan from various companies for the pur- 
pose of spot welding aluminum alloys for aircraft. 
These machines have been changed from time to time to 
keep abreast of the very latest developments in the field 
of stored energy spot-welding equipment. A special 
control equipment providing unusual flexibility for re- 
search in this field has been purchased on loan to the 
laboratory for work under its contracts by the Army Air 
Forces. 

The welding laboratory is unusually well situated in a 
new and well-equipped group of metallurgical engineer- 
ing laboratories which provide the necessary facilities 
for evaluating the results of experimental welds. These 
laboratories include metallographic, both visual and 
photographic, radiographic, spectrographic and testing 
laboratories. Electrochemical electroplating equipment 
has also been used in connection with a number of weld- 
ing researches. The testing laboratory equipment in- 
cludes an automatic stress-strain recorder and special ex- 
tensometers for the testing of welds. It also includes a 
Vickers hardness testing equipment and Izod, Charpy 
and tensile attachments for a Riehle impact machine, as 
well as the usual Rockwell hardness measuring equip- 
ment. 

Special equipment has been built up in the laboratory 
for the measurement of spot-welding current, spot- 
welding electrode pressure during welding and flash- 
welding energy input and distribution of energy during 
flash welding. This laboratory has pioneered in the de- 


Resistance Welding Machines 
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Aircraft Research Laboratory 


velopment of electrical-measuring equipment for both 
spot and flash welding. The special equipment has made 
possible the extension of research in many important 
fields, particularly that of spot welding. 

Unusually fine equipment has been obtained for the 
automatic recording of temperatures at high speed 
This equipment has been found particularly useful in th 
correlation of weld-cooling curves with welding condi 
tions. The measurement of weld-cooling curves provides 
an essential link between fundamental metallurgical 
principles and welding practice. The automatic-tem 
perature-measuring equipment has also proved to be a 
necessary tool for establishing the fundamental principles 
of the spot welding of heavy plate and particularly th 
heat treatment of spot welds within the welding machine 
New and further fundamental advances in the field o 
arc welding will be made possible by virtue of spectro 
graphic analysis equipment which has recently been ac 
quired by the laboratory through the generosity of the 
Chicago Bridge and Iron Co. 


Some of the Historical Background of the Welding 
Research Activities of the University 


Activities in the field of welding began at the Rens. 
selaer Polytechnic Institute in 1929 as a result of a re- 
quest from the Navy Department that a course in weld- 
ing be given to Naval Officers who were being sent to the 
Institute for a special three-year training period from the 
Bureau of Yards and Docks of the Navy Department 
Dr. Hess had become interested in arc welding about tw 
years before this time as a result of a loan to the Rens- 
selaer Polytechnic Institute of an arc-welding motor 
generator set by the Lincoln Electric Co. This experi 
ence led to the assignment to teach the Navy course. 

The major developments in the welding laboratory at 
Rensselaer Polytechnic Institute dated from a suggestion 
of Captain G. A. Duncan of the Bureau of Yards and 
Docks in the Navy Department, and a member of the 
Class of 1912 at the Institute. He felt that ignorance 0! 
the possibilities of welding was breeding a prejudice 
against its adoption. He suggested that younger eng! 
neers should be educated in the science of welding ané 
made more familiar with its opportunities and limita 
tions. A further specific suggestion was that the Rens 
selaer Polytechnic Institute should equip itself with a 
adequate welding laboratory. During the summer fol 
lowing Captain Duncan’s suggestion, Dr. Hess made 
three trips covering different geographical sections for 
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Automatic Arc Welding Setup 


the purpose of studying at first hand various phases of 
the application of welding. During these visits, an op- 
portunity was provided to discuss with many of the 
leaders in the field of welding the purposes, value and 
equipment which should be provided in a university 
welding laboratory. 

As a result of visiting many of the manufacturers of 
welding equipment, the availability and cost of such 
equipment as was necessary to equip a welding labora- 
tory of the type desired were determined and a budget 
prepared. The University was unusually fortunate in 
having financial assistance for setting up such a labora- 
tory through the generosity of Mr. George T. Horton, 
President of the Chicago Bridge and Iron Co., a strong 
advocate of welding. The new laboratory, established 
in 1937, occupies a little more than 3000 sq. ft. of the top 
floor of the Ricketts Laboratory. The third and fourth 
floors of this building are occupied by the department of 
metallurgical engineering which was new and very well 
equipped during the years just prior to the establish- 
ment of the welding laboratory. 

From the standpoint of fundamental research the 
welding laboratory is very fortunate in being affiliated 
with the department of metallurgical engineering whose 
facilities for heat treatment, microscopic examination 
and photography, radiographic examination and dif- 
fraction studies and physical testing equipment are ad- 
mirably fitted for a wide variety of welding research. 

In 1938 the Welding Research Committee extended its 
first resistance-welding fellowship to the Rensselaer 
Polytechnic Institute for the purpose of studying some 
fundamental principles in the spot welding of low carbon 
and stainless steels. This fellowship has been continued 
until the present time and Reports Nos. 2, 3, 4, 5, 7, 8, 
15 and 22 have been published as a result of this work. 
In January 1939 Mr. Robert A. Wyant was added to the 
research staff of the welding laboratory in connection 
with the spot-welding research programs. In August of 
1939 the International Nickel Co. established its first 
fellowship in the study of the resistance welding of nickel 
and high-nickel alloys. Mr. Albert Muller was added to 
the research staff at this time to take care of the nickel 
programs which have been continued until the present 
ume. Report No. 13 has been published as a result of 
the International Nickel Co. fellowships. The published 
report combines a large number of reports which have 
been submitted to the company during the course of the 
investigations. In October 1940 the National Advisory 
Committee for Aeronautics, the Army Air Forces and the 
Navy Bureau of Aeronautics established their first re- 
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search program in connection with the spot welding of 
aluminum alloys for aircraft. In support of the aircraft 
program, the Aluminum Co. of America has contributed 
annually for the purchase of special equipment used in 
these investigations. The Oakite Co. has also made a 
contribution to the equipment fund. The Taylor- 
Winfield Corp., the Federal Machine and Welder Co. 
and the Sciaky Corp. have contributed to the aircraft 
spot-welding program through the loan of welding ma- 
chines comprising a variety of stored energy equipment 
not possessed by the welding laboratory. The Army Air 
Forces also contributed the loan of a special control cabi 

net for studying a variety of wave forms of stored energy 
discharges in the effort to determine whether more 
suitable wave forms might be found than those provided 
by commercially available equipment.. In all this work 
the University, of course, had the guidance and advice of 
appropriate project committees of the Welding Research 
Council. 


A Brief Statement of the Current Investigations 


Under Way 


The following investigations are under way at the pres- 
ent time: 


1. Resistance Welding Fellowship. This program is 
continuing the study of the spot welding of hardenable 
steels. The program has completed during the past year 
a study of the proper methods of obtaining tough spot 
welds in X-4130 aircraft steel in the 0.040-in. thickness. 
Work has also been practically completed but not yet 
reported on the same gage of three plain carbon steels: 
SAE 1020, SAE 1035 and SAE 1045. The work during 
the coming year will complete a study of these four ma- 
terials in the 0.125-in. thickness. This program has 
opened up a new field of spot welding in which it has 
been shown to be possible to produce remarkable tough- 
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ness of welds made in hardenable steels by means of a 
postheat treatment in the welding machine. The pro- 
gram is a continuation of work undertaken during the 
early part of last year under the sponsorship of the Great 
Lakes Steel Corp. on their low-alloy steel NAX 9115. 

2. A program sponsored by the International Nickel 
Co. on the resistance welding of nickel and high nickel 
alloys is now studying the flash welding of these alloys in 
both rod and sheet form, together with a number of other 
special problems. An important fundamental angle of 
the investigation has been the development of methods 
of measuring the energy used in flash welding and the 
distribution of that energy during and subsequent to the 
flashing process. Recent work has involved the study of 
the spot welding of these alloys using stored-energy weld- 
ing equipment. 

3. Aircraft spot-welding research on aluminum alloys 
is engaged in developing methods for the surface prepara- 
tion of aluminum prior to spot welding and is studying 
the fundamental effects of wave shape and the use of 
variable pressure cycles during the welding operation. 
Adaptation of the A.S.T.M. statistical methods is being 
made for the purpose of evaluating the quality of welding 
produced by a welding machine or a group of machines 
under the same supervision. The value of this type of 
work is important to the design and use of spot welding 
in the more highly stressed parts of aircraft structures. 
Specimens are being prepared under carefully controlled 
conditions for fatigue and corrosion studies. 

4. Under the support of the Office of Scientific Re- 
search and Development, a program of research is being 
carried out to develop the necessary technical informa- 
tion for the spot welding of low-alloy steels in the range 
of thickness from '/, to */ in. 

5. Under the Office of Scientific Research and De- 
velopment a study is being made for the purpose of cor- 
relating weld-cooling curves with welding conditions. 
This will make possible a great forward step in the appli- 
cation of fundamental metallurgical information to the 
arc welding of various steels. It will be readily possible 
for any particular steel to determine the welding condi- 
tions which should be used to obtain satisfactory ductility. 
For any given steel it will be possible to determine the 
maximum thickness in which it may be considered weld- 
able under various assumed limitations as to welding 
technique. In other words, a given steel will be weldable 
up to a certain thickness without preheat and up to still 
heavier thicknesses for different degrees of preheat. It 
is gratifying that present arc-welding research is able to 
provide an important link in the technical information 
necessary to place this process upon a more scientific 
basis. The experimental work is being widely extended 
by means of mathematical solutions to permit the deter- 
mination of a much larger body of information than 
would otherwise be possible with a limited amount of ex- 
perimental investigation. The experimental work is 
being utilized to bring the mathematical solutions into 
their proper relation with regard to factors which cannot 
be absolutely determined by mathematical solutions 
alone. In turn, the mathematical solutions, once prop- 
erly established, widely extend the amount of available 
data over that which was determined experimentally. 

6. Parallel to the last mentioned OSRD program, 
work is going forward under the support of the Welding 
Research Council to provide other necessary links in the 
scientific application of arc welding. These include a 
study of the physical properties of arc-welded joints 
made under controlled conditions and the study of the 
methods of determining the necessary fundamental 
metallurgical information to complete the weldability 
picture. This program includes the testing of welds 
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in ship steel made under controlled conditi ys as t 
plate temperature, arc voltage, are current and tray,: 
speed. The welds are being made in '/,-, ',. |... 
1'/,-in. plate, using ship steel for the first major BroUp of 
welds. 


A Biographical Reference to Some of the Leading 
Professors Interested in Welding Research 


The generous encouragement of welding research |, 
the Institute authorities, and in particular by Presiden; 
W. O. Hotchkiss and members of the Board of Trustee; 
has contributed in large measure to the ability of th. 
welding laboratory to be of service to the nation in th, 
present war effort. Dr. Matthew A. Hunter, head of th. 
Department of Metallurgical Engineering, has assisted ip 
guiding the conduct of the programs by his mature good 
judgment and has been of inestimable assistance during 
the present critical man-power situation in making ayajl. 
able every possible hour of staff and student time for the 
effective conduct of the war research programs. 

Mr. Robert A. Wyant, who joined the staff of th 
welding laboratory in 1939 after a period of industrial ex 
perience with the International Harvester Co. and the 
Bell Telephone Laboratories, was made a regular mem. 
ber of the faculty early in 1942 with the rank of Assistant 
Professor in the Department of Metallurgical Engineer 
ing. He has made an excellent record in the develop. 
ment of special measurement techniques and in the guid. 
ance of the aircraft spot-welding research programs. 

Dr. Lynn L. Merrill of the Institute’s Department oj 
Mathematics is making a signal contribution to the ex 
tension of information experimentally determined in the 
weldability program. Professor E. H. Van Winkle of the 
Department of Business Administration is assisting in 
the application of statistical methods to the evaluation 
of welding quality in the spot welding of aluminum al 
loys for aircraft. Professor L. W. Clark of the Depart 
ment of Mechanics has made available additional testing 
equipment and time of members of his staff for supple 
menting the testing facilities in the Department of Metal 
lurgical Engineering and expediting important welding 
research. Professor G. Howard Carragan of the Depart 
ment of Physics has loaned optical apparatus and give: 
valuable advice on optical problems associated with 
welding research. Dr. A. W. Davison, until recently 
head of the Department of Chemistry and Chemical 
Eng:neering, has loaned valuable additional floor space 
in the chemical engineering laboratories for war-welding 
research and has obtained special materials needed in the 
research. Numerous other members of the faculty have 
contributed to the welding research programs. 


Brief Biography of Wendell F. Hess 


Attended Rensselaer Polytechnic Institute at Troy, 
N. Y., for four years, graduating in 1925 with the degree 
E.E. (Electrical Engineer). Graduate study at theRens 
selaer Polytechnic Institute for three years ending 1925 
with the degree D.Eng. (Doctor of Engineering). 0 
structor in Electrical Engineering and Physics, Kens- 
selaer Polytechnic Institute, 1928 to 1930. 

In 1929 began teaching course in welding to United 
States Navy Annapolis graduates sent to Rensselaer 
Polytechnic Institute by the Bureau of Yards and | )ocks 
for special training. Continued since that date. 

Assistant Professor of Electrical Engineering an‘ 
Physics, 1930 to 1937. Assistant Professor in Metal- 
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ical Engineering, 1937 to 1938. Associate Professor 
in Metallurgical Engineering and Head of Welding Labo- 


lurg 


ratory, 1938 until 
the present time. 
Offices Held: 
Chairman, North- 
ern New York Sec- 
tion of AMERICAN 
WELDING Society; 
Past District Vice- 
President of the 


¥ 


AMERICAN WELD- 
ING Society New 


York and New Eng- 
land district; Pres- 
ent Chairman of 
Committee on 
awards, AMERICAN 
WELDING Society. 
Member of A.W.S.., 
and 
S.P.E.E. 


Wendel!! F. Hess 


Publications 


1. “Development in Welding at Rensselaer Polytechnic Insti 
tute,”” by Wendell F. Hess, WELDING RESEARCH SUPPLE- 
MENT, March 1938. 

“Studies of Spot Welding of Low Carbon and Stainless 
Steels,” jointly with R. L. Ringer, Jr., WELDING RESEARCH 
SUPPLEMENT, October 1938. 

3. “The Spot Welding of Low Carbon Steels,’ jointly with 
R. L. Ringer, Jr, WELDING RESEARCH SUPPLEMENT, April 
1939. 

4. “Further Studies of the Spot Welding of Low Carbon and 
Stainless Steels,”’ jointly with R. A. Wyant, THE WELDING 
JOURNAL, AMERICAN WELDING Society, October 1939. 

5. “An Investigation of the Spot Welding of Automobile-Grade 
Mild Steel,’’ jointly with R. A. Wyant, THe WELDING 
JOURNAL, AMERICAN WELDING Society, October 1939. 

5. “The Measurement of Spot-Welding Current,” jointly with 
R. A. Wyant and A. Muller, presented at the A.I.E.E. 
Mid-Winter Meeting, published in the Transactions of the 
American Institute of Electrical Engineers, Vol. 59, June 
1940, 

‘Changes in the Shape of Spherical Spot-Welding Electrodes,”’ 
jointly with R. A. Wyant, WELDING RESEARCH SUPPLE- 
MENT, October 1940 

8. “A Method of Studying the Effects of Friction and Inertia in 
the Resistance Welding Machines,” jointly with R. A 
Wyant, WELDING RESEARCH SUPPLEMENT, October 1940. 

¥. “Spot Welding of 0.040 In. Alclad 24S-T with Alternating- 
Current Equipment,” jointly with R. A. Wyant and B. L. 
Averbach, distributed by N.A.C.A., May 1941, as Report 


rm 


Swiss Acetylene 


Society 


HE following notes are extracted from the an- 

nual report of the Swiss Acetylene Society for 

1941, which was published in June 1942. The 
year 1941 was the thirty-first year of the Society’s 
existence and was characterized by unusually heavy de- 
mand for carbide, oxygen, acetylene and welding equip- 
ment. The demand was met in 1941, but with limited 
supply of material and requirements of the army for 
manpower, it is difficult to state for how much longer 
the demand can be supplied. The usual services pro- 
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No. 1, Aircraft Spot-Welding Research and published in the 
WELDING RESEARCH SUPPLEMENT, September 194!, pages 
402-s to 409-s. 

10. “Report on Investigation of Spot-Weld 7 
Part I—Comparison of Specimen Types an« 
Alclad 24S-T 0.020 In., 0.040 In., In. in Th MESS 
jointly with R. A. Wyant and B. L. Averbach, Report No. 2 
Aircraft Spot-Welding Research, N.AC.A., September 
1941. Published also in the We_pinc Researcn St 
MENT, March 1942, pages 113-s to 119-s 

11. “An Investigation of the Surface Treatment of Alclad 
in Preparation for Spot Welding,” jointly with R. A. V 
and B. L. Averbach, Report No. 3, Aircraft Spot-Welding 


Dir 


eat Specimens 
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Research, N.A.C.A., September 1941 Published also iz 
the WELDING RESEARCH SUPPLEMENT, June 1942 peges 
258-s to 265-s. 

12. “An Investigation of Spot-Weld Test Specimens—Part Il 
Comparison of Specimen Types and Dimension nS 
'/,5H 0.040 In. in Thickness,” jointly with R. A. Wyant 
and B. L. Averbach, Report No. 4, Aircraft Spot-Welding 


Research, N.A.C.A., October 1941 Published also in the 
Welding Research Supplement to THe WeLoinc Jovenas 
March 1942, pages 119-s to 122-s 

13. “The Spot Welding of Nickel, Monel and Inconel,” jointly 
with Albert Muller, Wetpinc Researcu 
October 1941, pages 417-s to 427-s 

14. “Evaluating Welded Joints,”” by W. FP. Hess, Re 


SEARCH SUPPLEMENT, October 1941, pages 45 to 45 

15. ‘Electrical Measurement of Electrode Pressure During Spot 
Welding,” jointly with L. D. Runkle, W ING RESEARCH 
SUPPLEMENT, October 1941, pages 491-s to 494-s 

16. ‘‘An Investigation of the Spot Welding of A um Alloys 
Using Condenser-Discharge Equipment Provided by the 
Taylor-Winfield Corporation,” jointly with R. A. Wyar 
and B. L. Averbach, Report No. 5, Aircraft Spot-W 4 


Research, N.A.C.A., March 1942 
17. ‘‘Examination of Spot Welds in Alclad 245-1 antly with 


R. A. Wyant and B. L. Averbach, Report No. 6, Aircrai 
Spot-Welding Research, N.A.C.A., March 1942 

18. ‘‘An Investigation of the Spot Welding of Aluminum Alloys 
Using Magnetic Energy Storage Equipment Provided by 
the Sciaky Brothers,” jointly with R. A. Wyant and B. L 
Averbach, Report No. 7, Aircraft Spot-Welding Research, 


N.A.C.A., May 1942 
19. ‘The Spot Welding of Dissimilar Thiekness of Alclad 245 
jointly with R. A. Wyant and B. L. Averbach, Report No. 8, 
Aircraft Spot-Welding Research, N A.C ine, 1942 


20. ‘An Investigation of Current Wave Form for Spot Welding 
Alclad 24S-T, 0.020 In. in Thickness,” jointly with R. A 
Wyant and B. L. Averbach, Report No. 9, Atrcraft Spot 
Welding Research, N.A.C.A., July 1942 

21. ‘The Surface Treatment of Alclad 24S-T Prior to Spot 
Welding,” jointly with R. A. Wya B. L. Averbach 
Report No. 10, Aircraft Spot-Welding Resear N.A.C.A 
September 1942 

22. “The Spot Welding of 40 In. SAE. X-41 Steel,” by 
W. F. Hess and D. C. Herrschaft, We_pinc RESEARCH 
SUPPLEMENT, October 1942, pages 441-s to 447-s 


23. ‘The Effects of Cooling Rate on th 
Joints in Carbon Moly 0.4 
lished in Wertpmnc Rest 


1942, pages HOS-s to 619-s 


vided by the Society, such as publications, cou 
instruction, and inspection, have been maimtaime 
developments in particular being outstanding: the 
right-hand welding of thin sheet, and oxyacetylene pres- 
sure welding. A new and growing use for acetylene is 
for automobiles and trucks, 4000 of which were equipped 
for operation with acetylene instead of gasoline im 1941 
in Switzerland. The Society had S70 members at the 


end of 1941. 


Correction 


On page 93-s of the February Supplement, in the “Re- 
quirements for First Class Welds in Switzerland,” item 
(6), the formula was given as k = (7, R). This should 
read k = (50 T/R). 
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An Investigation of the Static Notched 
Bar Behavior of Steel with Reference to 
Tri-Axial Stress and the Technical 
Cohesive Strength 


By O. H. Henryt and James G. Farmer? 


EpIToRIAL Note: For a fuller understanding of the behavior of 
thermal stresses due to welding it is desirable for the Welding En- 
gineer to know something of the behavior of metals under tri-axial 
stresses. Careful study of this thesis and bibliographic references 
given therein is desirable. 


Introduction 


HE static notched bar test consists of subjecting 
a bar, which is circumferentially notched, to 


axial loading and measuring the tensile properties 
therefrom. Figure 5 shows a typical profile of a notched 
bar, 

When a notched cyclindrical specimen is subjected to 
axial tension the section at the notch is under stresses 
whose components may be resolved into radial and 
longitudinal tensile stresses. Such a specimen is there- 
fore under tri-axial stress at the notched region. With 
this system of stress distribution plastic deformation is 
much more restricted, depending on the depth and sharp- 
ness of the notch, than in the uni-axial tension which 
occurs in a plain tension test specimen. The notched 
bar therefore offers a means of studying the effect of 
polydimensional stresses on the strength and ductility 
of a given steel and gives information not obtainable 
from the simple unnotched tension test. 

The short-time simple tension test is the most fre- 
quently used method of evaluating the physical proper- 
ties of metals. Although the values of tensile strength 
and ductility obtained from this test are not sufficient 
in themselves to enable the engineer to predict the be- 
havior of the metal under all conditions of stressing, the 
tension test is still the basic procedure used to evaluate 
material properties. 

The tension test usually consists of applying increas- 
ing increments of load, as axially as possible, to a stand- 
ard test bar and measuring the deformation with a 
strain gage. The specimen used and the procedure of 
testing are covered by the A.S.T.M. Standards Methods 
of Tension Testing of Metallic Materials (E8-36).! 
In recording the data either a load-deformation diagram 
or a stress-strain diagram is drawn. 

The determination of a number of quantities from the 
tension test such as proportional limit, yield strength, 
etc., and a stress-strain curve has given us valuable 


* Material originally submitted as a thesis in partial fulfillment of the re- 
irements for the degree of Bachelor of Metallurgical Engineering at the 
olytechnic Institute of Brooklyn, May 25, 1942. 
— Professor of Metallurgy, Polytechnic Institute of Brooklyn. 
Student, Polytechnic Institute of Brooklyn. Now associated with the 
Union Carbide & Carbon Research Laboratories. 


information in the past and will no doubt continue ty 
do so in the future. However, it has become apparent 
to many investigators that the true significance of 
certain tensile properties, especially in cases where the 
stresses imposed by the tensile test are considerably 
different from those stresses to which the material js 
subjected in actual service, is not determined from the 
tensile test. As stated by MacGregor,? “In order to 
correlate the stresses and strains determined in the 
tension test with those present in metal forming opera- 
tions, cold working processes, tests of materials sub- 
jected to combined stresses, and, in general, to attempt 
to clarify the laws governing the failure of materials 
under different conditions, a knowledge of true stress and 
strain values is essential. Stress and strain values based 
on the original dimensions of the test bar are not physi- 
cally present, except in the early stages of the stress- 
strain diagram, and it has little meaning to attempt to 
correlate them with those obtained in other processes. 
Further, the present methods used to depict ductility 
properties are subject to somewhat similar restrictions.” 

Seely* gives an interesting brief review of the main 
ideas that have led to the present status of the tension 
test in which he states that the picture of structural 
action and stresses in the test has been oversimplified. 
As a result of a tendency to overemphasize the signi- 
ficance of the tension tests, a generalization was often 
made that for resisting loads a material with relatively 
high strength values, as given by the tension test, must 
be better for almost any application than one with lower 
tension test strength values. 

While certain concepts about interpretation of the 
tension test results were being developed, according 
to Seely, the idea that wrought ferrous materials were 
perfectly elastic up to a certain stress called the pro- 
portional limit was prevalent. This stress was thought 
to be a definite inherent material constant. It was 
believed that if the calculated stress, which was thought 
to occur in a material, was less than this proportional 
limit, then no damage in any type of service could pos- 
sibly be done to the material. Moreover, the cal- 
culated stresses were obtained from formulas which 
considered only the stress at the most-stressed fiber 
without taking into account the effect of the lesser- 
stressed surrounding material. These formulas were 
believed to give accurate measures of the significant 
stresses in a member. Little attention was paid to the 
part played by material in undergoing innumerable 
minute plastic deformations and adjustments. How- 
ever, when ductile materials were used in members 
whose geometry involved abrupt changes in section 
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Fig. 1—Cross Section of Hyperbolic Notch in Tension. S 
Represents the Curve of Unit Stress. (From Reference 14) 


and subject to “‘calculated”’ stresses below the pro- 
portional limit broke with brittle fractures (fracture 
unaccompanied by plastic deformation), a radical 
change had to be made in the picture of structural be- 
havior of a metal under load and in the analyses of 
stresses and calculations thereof. This brought about 
changes in the interpretation of tension test results. 

A more satisfactory picture of the fundamentals of 
metallic strength has evolved from the recent investi- 
gations of Kuntze,* Ludwik,® Bridgman,* McAdam’ and 
others. A great many other investigators have shown 
that simple tension test values cannot be used to deter- 
mine the useful strength of a member under a number 
of service conditions some of which involve polydimen- 
sional stress distribution, extreme temperatures of load- 
ing, high rates of loading, etc. The test results from 
the tension test will be helpful in determining whether 
or not a given metal will be suitable for a given service 
only if the stresses and strains in the test piece are com- 
parable in direction to those to which the actual member 
will be subjected. If there is no similitude in structural 
action between the test piece and the actual member, 
then the results of the tension test cannot be scienti- 
fically used for predicting the suitabil- 
ity of a metal for a given service nor can 
they be used in design. 

It is realized that complete simili- 
tude in structural action between a test 
piece and a member designed from in- 
terpretations of the results obtained 
by suitably loading that test piece, is 
impossible to obtain, therefore it is 
necessary to determine which of a 
number of factors, or combination of 
lactors, produces the greatest effect on 
structural action and then to include 
these factors in the design of the test 


the notched bar static tension test has found some appli- 
cation. 

In considering the tensile test from the light of more 
recent views, it is recognized that either of two basic 
modes of failure occurs in a test (or in an actual member). 

1. The first mode of failure is by general plastic flow 
and is termed shear or ‘‘ductile’’ failure. This yielding 
is the result of slipping along crystalline planes which 
are usually at an angle approximating 45° to the axial 
plane. This type of failure is accompanied by a rela- 
tively large elongation and reduction of area. The use- 
ful strength of a metal in service under conditions that 
bring about this ‘‘ductile’’ failure is the maximum re- 
sistance to shear. Most ferrous metals when subjected 
to the simple straight bar tension test give a fracture 
more or less of the ductile type. 

2. The second basic type of failure is the so-called 
‘brittle failure."’ This results in essentially a separation 
of the material along a plane that is normal to the load. 

As pointed out by Hoyt,” ductility is not an in- 
dependent property of the material under consideration. 
To be ductile in the tension test, a metal must have a 
cohesive resistance at least twice that of its shear re- 
sistance. The longitudinal stress in a tension specimen 
under axial loading is twice the shear stress, but the 
resistance to the longitudinal stress (cohesive or cleavage 
resistance) is much higher, in so-called ductile materials, 
than the shear resistance so that the shear strength is 
exceeded and deformation occurs before the cohesive 
resistance is reached. The resulting failure will be of 
the ductile type. 

As stated previously, a brittle fracture occurs because 
yielding cannot occur. The prevention of deformation 
is due to a number of factors, external and internal, and 
the useful strength of the metal therefore is closely con- 
cerned with the cohesive strength tvhenever conditions 
are such that yielding is prevented from taking place or 
is appreciably reduced. Some types of materials, such 
as brick, almost always fail in this brittle manner. Most 


so-called ductile metals usually fail in the tension test 
by having their shear resistances exceeded but can be 
made to fail in a brittle manner upon introduction of 
factors that cause their cohesive strengths to be ex- 
ceeded before their limiting shear resistances are reached 


piece or in the testing procedure. This 
problem of devising tests to determine 
the suitability of a metal for a given 
application will perhaps never be com- 
pletely solved. A much more com- 
plete understanding of the phenomena 
of failure of metals than now exists 
will be necessary. The contributions 
of Ludwik,® Kuntze,‘ Moser,* McAdam 
and Glyne® and others have presented 
the subject of tensile failure from a 
new and more fundamental view- 
point. It is in this respect that 
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STEEL UNDER TRI-AXIAL STRESS 


Fig. 2—Cross Section Showing Tri-axial Stress Distribution in 


Deep Hyperbolic Notch. (From Reference 14) 
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Since any so-called ductile material can be made to fail 
in a brittle manner with essentially a separation type 
of failure, rather than a shear or “slip” failure, the 
conditions under which such brittle behavior arises are 
highly significant. Lessels'' points out that it may be 
in order not to classify materials as brittle or ductile, but 
to refer to the brittle or ductile state of the material. 
In this connection Gillet,'? when talking about the change 
from a ductile to a brittle fracture upon the introduction 
of a notch in a material, says “. . . it is the specimen, not 
the material, that is brittle.’’ A notch provides a means 
of accentuating or promoting a brittle failure in a test bar. 
Every material is susceptible to the notch effect, but 
the severity of the notch effect necessary to cause brittle 
fracture varies with the material under question. 


The Notch Effect 
Review of Literature 


The use of notches in the study of the mechanism of 
deformation failure has been the subject of a number 
of investigations. The outstanding work in this field has 
probably been done by Ludwik,> and more recently 
by Wilhelm Kuntze.‘ 

Ludwik,°® in his study of notched tensile specimens, 
analyzed the stresses at the reduced sections and derived 
a theory of notch behavior that is generally accepted 
today. He concluded that the effect of a notch on a 
bar in tension is twofold: First, the metal around the 
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and Ductility; Low Carbon Steel 
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notch reduces the contraction and sets up a tri aXial 
stress in the minimum section in place of a un; axial 
stress. By increasing the severity of the notch effect 
plastic deformation is decreased until finally the fe. 
sistance to cleavage (cohesive resistance) is exceeded 
by the longitudinal stress before the metal can flow anq 
the bar fractures in a brittle manner. Second, the stregg 
is severely concentrated at the apex of the notch so that 
the notch may open as a crack if the stress concentration 
exceeds the strength of the metal in that direction. 

Ludwik and Scheu'* conducted some notched bar 
tensile tests in which the included angle of notch was 
varied at constant notch depth so that the notch effect 
showed increasing severity as the angle decreased. 
These bars were statically loaded. The diameter at 
the notch was constant. Table | shows the results of 
these tests, and Fig. 10 shows the results graphically. 

These data show that the ultimate tensile strength 
and ductility, as measured by the per cent elongation 
and reduction of area, are considerably affected by the 
notch. The work of rupture is the area under the load. 
deformation diagram. These latter values are seen to 
decrease materially as the angle increases in sharpness, 
and the tensile strength is found to increase. Bar e absorbs 
much less energy to fracture, despite its higher load- 
carrying capacity, than bar a. The stress conditions 
imposed by the notch have made bar e much less ‘tough’ 
than bara. These data bring out the fact that a notch 
accentuates the tendency for material to break with small 
energy absorption and with a brittle character. 
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Fig. 5—-Notched Bars 
(Above) Specimen for 90° notch. 
(Below) Specimen for 30° notch. Similar specimens for 45 and 
60 notches. 


Hoyt" states, ‘“Assuming static loading, that metal has 
the best opportunity to show tough behavior when 
notched, which has a high cleavage strength and a low 
resistance to plastic flow and whose ratio of cleavage 
strength to resistance to plastic flow is not too greatly 
decreased by deformation.” 

Among the more recent work may be found photo- 
elastic studies which have been largely confirmatory of 
Ludwik’s and Kuntze’s work. The photoelastic in- 
vestigation conducted by Richmond and reported by 
Nadai and MacGregor" is a case in point. 


Table | 


Notch Work of Rup- 
Angle, Ult. T.S., % Red. ture, 

Bar Deg. Kg./Sq. Mm. % Elong. Area Kg. X Cm. 

e 102.7 59.2 2.3 32.8 905 
144.3 51.6 3.6 42.7 1,232 

c 161.8 46.2 5.6 58.2 1,772 

b 170.7 43.8 7.5 64.6 2,281 

a 180.0 36.6 35.7 69.0 10,147 


The bar diameter at the reduced section was constant at 10 mm 


H. Neuber, according to Nadai and MacGregor," 
made a study of the effect of hyperbolic notches on steel 
from the standpoint of the theory of elasticity. This 
confirmed Ludwik’s contention of the existence of a state 
of tri-axial tensile stress at the base of the notch. He 
lound that very nearly equal tri-axial tensile stresses 
exist in a relatively large area at the minimum cross 
section of the notch with the exception of the region 
immediately adjacent to the root of the notch where 
the longitudinal tensile stress reaches much higher 
values. It should be mentioned that Neuber’s notches 
were hyperbolic, while Kuntze’s were somewhat sharper, 
and of V-shape. However, they had a finite radius of 
curvature, though smaller than Neuber’s, and it is 
believed that the stress conditions were not too different 
in either case. 

Neuber derived an expression for calculating the ap- 
proximate stress-concentration factor, in terms of the 
Static load and dimensions of the notch, as caused by 
relatively deep hyperbolic notches. The maximum 
Stress, Smax-, is given approximately by the expression 
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where p is the average tension (load divided by area 
in neck of notch), R the radius of curvature at the apex 
of the hyperbolic notch and a the radius of the minimum 
cross section. 

Figures 1 and 2 are from Neuber’s work. 

With Ludwik’s work as a basis Kuntze‘ undertook 
a study of notched bar action and developed a method 
for obtaining the cohesive limit by extrapolation. Preva- 
lent views on the cohesive strength of metals are based 
on the work of Kuntze, which will be briefly discussed 
later. As pointed out by Seely,'® Johnston" and 
McAdam," there is need for further study, corroboration 
and extension of Kuntze’s work. 


Technical Cohesive Strength of Metals 


Definition 


The technical cohesive strength is the technically 
estimated resistance to fracture of non-deformed metal. 
The “true’’ breaking stress of a tension test piece, that 
is, the breaking load divided by the sectional area at 
fracture (not original sectional area), does not measure 
the technical cohesive limit since the metal has under- 
gone plastic deformation which alters the technical co- 
hesive strength materially. Further, the cohesive 
strength here referred to is not the interatomic force of 
attraction, but is associated with the bulk or mass of 
the material as it occurs in a member. McAdam” " 
has presented several very comprehensive papers on 
the subject. 


Kuntze's Extrapolation Method 4 
From a study of stress-strain relationships on cylin- 
drical specimens with sharp V-notches, Kuntze’ found 


that the ratio of the radial stress S,; to the longitudinal 
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Fig. 6—Photograph of Bars with 30°, 45° © 
of Notch 
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where D is the maximum diameter, d is the diameter at 


the reduced section and C is a constant depending on the 
notch angle. 


If d*/D? is called k then 
Sa 
Si 


The ratio of radial to longitudinal stress was also found 
to be linearly related to the notch angle according to 


S.A.E. 6115 steel. 
lieved 650° C. (1200° F.). 


k = 0.139. 
= C(l — k) 


(2) 


(180 — w) 
180 


130 Pai 
A 
S000} 
110 ete 
be Om 
©+0.236" diameter at notch 2000): +44 
Fig. 7—Effect of Notch Depth on Tensile Strength 
S.A.E. 6115 steel. Normalized 900° C. and drawn at 650° C. st bse: 
Izod 45° notch with root radius 0.01 in. 
+ 
stress S; varies as a linear function of the notch depth SSSA pene coon 
according to the equation o —- 
0.06 «07 «09 210 
C(D? — d’) ELONGATION - INCHES 


Fig. 8—Load-Deformation Diagram for Bar U18 
Normalized 900° C. (1650° F.). 


45° Izod notch—0.199 in. deep. 0.236 in. diameter at 


In this equation w is the notch angle in degrees. 
equations can be combined and the resultant equation is 
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60 90 
NOTCH ANGLE - DEGREES 
Fig. 9—Effect of Notch Angle on Tensile Strength 


k = d?/D? = 0142. 
Izod notches with diameter at notch = 0.236 in. 
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S; _ (1 — k)(180 — w) 
180 
Kuntze also found that the difference between the ulti- 
mate tensile strength (based on minimum section) of 
the notched and unnotched specimen was linearly re- 
lated to the expression 


(1 — k)(180 — w) 
180 


(4) 


These linear relationships of both S;/S, and maximum 
tensile stress to the same function of k and w are the 
basis of Kuntze’s estimation of cohesive limit. 

As seen from equation (4) for zero notch angle, the 
ratio S;/S; = 1 — k and as both w, the angle of the 
notch, and k, the relative area carrying the load, ap- 
proach zero the radial stress becomes equal to the 
longitudinal stress. This condition represents pure 
three-dimensional tension. In this imaginary condition 
there is no shearing stress hence there can be no defor- 
mation. Under sufficiently high pure tri-axial tension 
the most ductile metal would frac- 
ture without plastic deformation and 


tion. Under these conditions it was found that the maxi- 
mum tensile strength showed a linear relationship with the 
notch depth. Kuntze’s method involved the deter- 
mination of a series of values with gradually decreasing 
deformation (decreasing deformation was obtained by 
increasing the notch depth) and using these values in 
extrapolation to obtain a value for no plastic deforma- 
tion. Under such conditions, there will be pure three- 
dimensional tension. When the maximum load pro- 
duces sufficient plastic yielding to relieve much of the 
stress concentration at the notch the chief effect of the 
notch will be due to three-dimensional tension. Under 
sufficiently high polarsymmetric tension, the most ductile 
metal will fracture with no deformation. No direct 
measurement of this stress is available. 

Figures 3 and 4 derived by McAdam’ from data 
presented by Kuntze‘ show the effect of notch depth and 
notch angle on the strength of low carbon steel* notched 
bars under static loading. Abscissas from left to right 
represent increasing notch depth which, from equation 


* EprrortaL Note: The editor has also included curves for a high carbon 
steel 


the stress causing this fracture would a 
be a cohesion limit of unaltered metal. 


=o 


In the condition of equality of radial 
and longitudinal stresses, the stress at bd: 


fracture, according to Kuntze, repre- 
sents the technical cohesion limit. 


This condition he terms ‘“‘polarsym- 
metric tension,’ and the limiting 


stress value is called the ‘‘Trennfes- 


tigkeit,” the “‘separating strength.”’ 


8 


mate tensile strength and breaking 
stress all approach the same value. 


At this stress the yield strength, ulti- E 


In determining the cohesive limit, 
Kuntze used the values of ultimate 


——4 


tensile strength of the notched bars. 


This was the stress based on maxi- 
mum load divided by initial mini- 


mum section of the unstressed speci- 
men, and its value was used only 


when the load on the bar reached a 
maximum and then descended as in 


the test of an unnotched bar. If the 
load did not show a maximum, but 


in 10 cm 
~ 


fracture occurred while the load was 


ELONGAT LON 


rising, the stress value was not used. 
Such fractures found with increasing 


PERCENT ELONGATION 


load were termed “premature.” 
Kuntze found premature fractures 


in some cases where he used a high 
carbon steel, but found none for the 


low carbon steel he tested. 


Stresses based on premature frac- 
tures do not have a linear relation- 


ship with notch depth. Neuber,' 
as stated previously, has shown that 


a severe stress concentration exists 
in the notched section at a region 


PERCENT REDUCTION AREA 


WORK OF RUPTURE 


immediately adjacent to the apex of 
the notch. Plastic deformation can 


relieve much of this concentrated 
stress, depending upon the character 


of the metal under test. When the 


tensile load reaches a maximum and ba) 
the stress-strain curve has a zero 
slope, much of the stress concentration 
has been relieved by plastic deforma- 
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Fig. 10—Effect of Notch Angle on Tensile Properties 


STEEL UNDER TRI-AXIAL STRESS 


19 180 


DEGREES 


120 130 


NOTCH ANCLE - 


155-s 


3 
| 
| 
| 
: 
: 
38 
ar 
=, } | 
|_| | | 
2200 
| 
WORK | 600 
500 
1400 
| 
A 
CTION AREA 
tj 
J 


Table 2—Chemical Composition 


Carbon... 


0.14% 
Manganese. 0.40% 
Chromium. 0.92% 
Vanadium 0.16% 


Table 3—Mechanical Properties 
Test specimen—standard 0.505 in. with 2-in. gage length 
Brinell hardness....... 149 


Yield point, psi. 56,500 
Tensile strength, psi. 79,000 
% Elong. in 2 in.. 31.0 
% Red. of area 68.4 


(4), means increasing the ratio of radial to axial stress, 
S;/S;. These curves have been drawn from data ob- 
tained on a 0.2% C, 1.0% Mn steel with 60° V-notches 
at a root radius of curvature of about 0.005 in. and also 
a high carbon plate. From equation (4) the values of 
S3/S; for a 60° notch at varying depths and for a 0° 
notch at the corresponding depths have been computed. 
These values of 3/5; for the two values of notch angle 
are shown at the top of the graph. Line A-B shows the 
linear increase of tensile strength with increasing notch 
depth for a 60° notch. Point B is the value approached 
by the strength as the area at the notch approaches zero. 
It is the maximum value theoretically obtained for a 60° 
notch. From equation (4) the values for zero angle 
have been calculated and are shown as line A-T. The 
vertical distance of T above A (difference between 
cohesion limit and tensile strength of an unnotched bar) 
is 180/(180 — w) times the vertical distance of B above A. 
Point 7, therefore, represents the technical cohesion 
limit according to Kuntze’s extrapolation method. A 
mathematical check by one of the authors on the state- 
ment made by Kuntze that the difference in tensile 
strength between a notched and an unnotched specimen 
is proportional to the expression shown as the right- 
hand member of equation (4) is as follows: 

Let 7, be the tensile strength of the notched bar, and 
T,, be the tensile strength of an unnotched bar; then 
T, — T,, =AT, the difference in tensile strength between 


the notched and unnotched specimens of the same mini- 
mum diameter. 


Then: 
(1 — k)(80 — w)) 
AT = K(& 180 (5) 


where K is a constant of proportionality. 
From Fig. 3 at k = 0.5and w — 60° 


T, = 113,000 psi. (approximately) 
T,, = 80,000 psi. (approximately) 
AT = 


33,000 psi. (approximately) 
Substituting in equation (5) 


“ 
33,000 = K( 180 
K('/s) 
K = 99,000 psi. (6) 
whence 
AT = 99,000 ( 180 


Knowing K we should be able to check on other points on 
the curve A-B of Fig. 3. Select arbitrarily a point 
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at K = 0.725 at which point the tensile strength of the 
notched specimen from the curve is approximat«ly 98 (pp) 
psi. 


Here AT = 98,000—80,000 
= 18,000 psi. from the graph 
Calculation from equation (6) gives 


AT 


I 


99,000 (10.725 (180 
180 
= 18,150 psi. 


Observed AT = 18,000 
Calculated AT = 18,150 


Considering the approximation in reading the graph, the 
above is a good check. 


Present Investigation 


Object and Scope 


The present investigation will undertake to show the 
effect of circumferential notches on the tensile properties 
of a low-alloy engineering steel, S.A.E. 6115, under static 
loading at room temperature. 

The tests include those made on notched bars of con 
stant minimum diameter, that is, constant diameter of 
the reduced section at the base of the notch, and varying 
notch depth at constant notch angle. The depth of the 
notch was controlled by varying the outside diameter of 
the bar, that is, the diameter of the unnotched portion 
In all cases the radius of curvature at the apex of the 
notch was kept constant at 0.01 in. Other tests include 
the effect of varying the angle of the notch at constant 
notch depth. 

The results will be applied to a study of Kuntze's 
method of cohesive strength determination. Obviously 
any consideration of the validity of Kuntze’s method or 
any attempt to verify the existence of tri-axial stresses 
in the bars is beyond the scope of this investigation. 

No-microstructural study has been made. 


Material Tested and Its Heat Treatment 


The material tested in this investigation was from a 
commercial heat of S.A.E. 6115 steel. It was provided 
through the courtesy of The Union Carbide and Carbon 
Research Laboratories, Inc. The chemical composition 
of this material is as shown in Table 2. The tensile 
properties as determined by The Union Carbide and 
Carbon Research Laboratories, Inc., after normalizing 
in one-inch rounds for one hour at 900° C. (1650° F.) 
and stress relieving at 550° C. (1200° F.) are shown in 
Table 3. 

Check tests were conducted by one of the authors with 
the results as shown in Table 4. The material was ob- 
tained in one-inch rounds in the hot-rolled condition and 
was given a one-hour normalizing treatment at 900° ( 
(1650° F.) in a gas-fired furnace with automatic heat 
controls. After cooling in still air to room temperature, 
the steel was tempered for one hour at 650° C. (1200° F.) 


Table 4—Mechanical Properties 
Test specimens—standard 0.505 in. with 2-in, gage length 


Bar H Bar J 

Brinell hardness 147 147 

Yield point, psi. 57,000 55,300 

Tensile strength, psi. 80,000 78,800 

% Elong. in 2 in. 30.0 31.0 

% Red. of area 67.0 69.2 
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Table 5—Data of Tests with Varying Notch Angles at Con- 
stant Depth of 0.194 In. 


k = d*/D? = 0.142 


Specimen Notch Angle, Max. Load, Breaking Load, 

~ No Deg. Lb. Lb. 
1 30 6170 5280 
30 6440 
3 30 5990 5080 
30 6460 
5 45 5885 4790 
fi 45 5760 4670 
7 45 6110 5040 
8 60 6040 4760 
Q 60 5010 3700 
10a 60 5690 
11 60 6110 4910 
12 90 5360 4400 
13 90 4970 
14 90 5130 3920 
15 180 3520 2090 
16" 180 15,700 9350 


dand D represent minimum and maximum diameters of 0.236 
and 0.626 in., respectively. 

* d for this bar was 0.505 in. 

None of the bars showed “‘premature’”’ fracture. 


and brought to room temperature by cooling in still air. 
Several specimens were then rough-turned on an engine 
lathe and finished-turned on a precision lathe to standard 
0.505-in. tension test specimens with 2-in. gage lengths. 


Notched Bars 


The specimens used for the investigation of the effect 
of notch angle at constant depth were machined to a 
finished diameter of 0.626 in. with 0.745-in. diameter 
threaded ends as shown in Fig. 5. The bars were 
notched at the center of the reduced section to a depth 
of 0.195 in. making the diameter of the minimum section, 
d, 0.236 in. The notches were of the Izod type with a 
root radius of curvature of 0.01 in. The angles were 
\80° (unnotched), 90°, 60°, 45° and 30°. Figure 5 is 
a detail drawing of typical bars and Fig. 6 is a photograph 
of several bars showing the various angles of notch. 
In conformity to standard practice the gage length of 
().944 in. was made four times the minimum diameter of 
the bar. Five square bars, one unnotched and four 
notched on one, two, three and four sides, respectively, 
were prepared to show the notch effect on deformation 
restraint qualitatively. 

The bars were pulled in a Riehle 30,000-lb. screw- 
powered testing machine, with a sensitivity of 5 Ib. 
in the 0-6500-Ib. range. Optimum axiality of loading 
was attained by using specimen holders of the spherical- 
seat type with graphite as a lubricant at the interface. 

In recording the data the maximum load_ condition 
of minimum section during pulling, and load at fracture 
were noted. No continuous strain measurements were 
made during the test. An estimation of elongation was 
made by putting the broken bars carefully together and 
measuring the distance between two small punch marks 
which had been made on the unstressed bars 0.944 in 
apart. Since the possibility of ‘‘premature’’ fracture 
was high with the sharp 30° notches any attachment of a 
strain gage was believed to be unsafe for the gage. In 
measuring the diameter of the notched region after 
'racture, a Spencer microscope with a 32-mm. objective 
was used. The objective was calibrated against a 
Leitz standard ocular scale. 

Photographs of the specimens and of the fractures 
were made with an R.H.S. 4 x 5 view camera with a 
Wallensak f4.5-7'/;-in. Velastigmat lens. 
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Data 


In addition to the tests performed by one of the authors 
at the Institute, a number of data of notched tensile 
tests of S.A.E. 6115 steel (from the same heat as used 
herein) were made available by Dr. A. B. Kinzel, Chief 
Metallurgist of The Union Carbide and Carbon Research 
Laboratories, Inc. These data, which will be designated 
by the prefix “‘U,’’ comprise tensile tests on notched 
bars at varying notch depths but with constant angle as 
shown in Table 7. Tests performed by one of the 
authors include the effect of varying the angle at constant 
depth. Since the steel used in the several groups of tests 
is from the same heat and has undergone the same heat 
treatment there will be no difference in behavior between 
the groups. Tables 3 and 4 show strictly comparable 
results. 

The work to rupture was calculated as the product 
of maximum load and elongation and is, therefore, only 
approximate. The exact work of rupture is represented 
by the area under the load-deformation diagram. It is 
believed, however, that the approximate method is 
sufficiently accurate to indicate a trend. 

The effect of varying the notch depth at constant 
root diameter was investigated with the results shown in 
Table 7. The minimum diameter at the root of the 
notch was kept constant at 0.236 in. so as to keep the 
same area supporting the load in all cases. The depth 
of notch was varied by varying the outside diameter, D. 
The notch was an Izod notch of 45° and the radius of 
curvature was 0.01 in. Figure 7 shows the effect of 
notch depth on tensile strength obtained on bars of 
constant notch angle at varying depths. Table 8 rep- 
resents load-deformation data obtained on bar U-IS 
and Fig. 8 is a load-deformation diagram of this bar. 
These data show the attainment of 4 maximum load 

followed by a descent in a load with increase in elonga 
tion. They are typical of load-deformation relationship 
found in this steel with the notches used. 


Discussion of Results 


Figure 9 shows the effect of notch angle on the ultimate 
strength. The curve is drawn through the average of 
the results. A difference in the diameter at the notch 


Table 6—Tensile Properties at Constant Depth 
d?/D? = k = 0.142 


Approx 
Notch Breaking % Work 
Angle, Ult. T.S., Stress, % Red. to Rupture, 
Bar Deg. Psi. Psi Elong Area In.-Lb 
1 30 141,400 180,000 1.69 33.0 99 
2 30 147,000 1.66 28.2 101 
3 30 137,000 177,000 1.69 34.4 On 
4 30 147,000 , 1.69 28.2 103 
5 45 134,000 169,200 2.12 33.0 123 
6 $5 131,500 171,000 37.8 
7 45 139,000 171,000 2.02 32.6 116 
60 137,900 176,500 38.3 
a 60 115,000 142,000 2.76 10.4 133 
10a 60 130,000 2.85 36.0 153 
11 60 139,000 72,000 2.82 40.7 162 
12 90 122,100 166,000 3.82 30.4 193 
13 90 114,300 3.90 $1.7 190 
14 90 117,000 172,000 3.82 18.0 185 
15 180 80,000 144,000 30.0 67.4 995 
16* 180 78,000 159,000 31.0 H9 10,400 


d and D represent minimum and maximum diameters of 0.236 
and 0.626 in., respectively 

* The minimum diameter was 0.505 in. 

+ Work for this bar not comparable because of its larger cross 


sectional area 


157-s 


the a 
8,000 
x 
» 

om 
a 
ed 
on — : : 
on 
nd 
ng 
in 
id 

it 
e, 
, 
4 


The ultimate tensile strey 


Psi x 1000 


gth in. 
creases linearly with decrease oj Notet 
angle as shown in Fig.9. This Seems 


BREAKING STRESS 


to substantiate Kuntze’s contentio, 
of the linear relationship of ultima: 


ate 


tensile strength and notch 
previously mentioned. 
Figure 11 shows the effect of notet 


angle as 


+ 
> 


: 


1 
angle on. several tensile properties of 


ty the steel tested. The regions 


+ 


tin 


T 


bounded by the lines represent are, 
tt: containing test points. Figure |» 


4 

+ 
~ 


Psi x 1000 


++ 
+ 
44 


i+ 


+ 
4 


shows the mean values of these points 
plotted against notch angle. Ti, 


ULT.TENSILE STRENGTH 


most notable changes are those jy 
values of work of rupture and per 
cent elongation both of which jp. 
crease at an increasing rate as the 
notch angle increases. The curve 


+4 


of reduction of area also increases 
and those for tensile strength and 
breaking stress (load at fracture di- 


pad 
++ 
inch - pounds 


vided by area at fracture) decrease 
with increase in notch angle. 


There is a wider spread between 
the values of ultimate strength and 


i 


of breaking stress in the unnotched 
bar (180° notch) than at any other 


-+ 


PERCENT REDUCTION 
OF AREA 


angle. The values of tensile strength 
and breaking stress approach each 


WORK TO RUPTURE, 


other as the notch decreases in angle 
and then diverge again. 


8 


Wiitipicicd:: The results shown in Fig. 12 are 
in accordance with Ludwik and 


Scheu’s work as shown in Fig. 10. 


8 


. Their values for work to rupture 
eal ¥ increased rapidly above about 145° 
SRR. notch angle. The authors curve oi 


mean values for work in Fig. 12 


‘fj: has about the same slope at 145° as 
i? that shown in Fig. 10, and also in- 
creases very rapidly thereafter. The 


in 0,944 in. 


PERCENT ELONGATION 


yi elongation curve of Ludwik and 
I Scheu rises very little until a critical 


: angle of about 170° is reached where- 
{i upon there is a very marked in- 
: crease in values of per cent elon- 


NOTCH ANGLE —- 
Fig. 11—Effect of Notch Angle on Tensile Properties 


of 0.005 in. would give a variation in ultimate tensile 
strength of approximately 5000 psi. However, this 
would not account for the wide scatter of results with the 
- 60° angle. The results obtained with the other angles 
are well within reasonable agreement and indicate that 
a linear relationship is valid. There are several sets of 
points which give a straight line containing a point for 
each angle. The line chosen represents a close approach 
to the mean values. Independent work done at the 
Union Carbide and Carbon Research Laboratories, Inc., 
on the effect of notch depth at a constant 45° angle 
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investigate notches between _ the 
values of 90° and 180°, the curve in 
this region is arbitrary. It is prob- 
able that there would be a curve 
closely following that obtained in the 
smaller angles until a critical angle 
approximating that of Ludwik and Scheu is reached alter 
which the per cent elongation curve would rise rapidly. 
This is shown by the dotted curve in Fig. 12. 
The increase in tensile strength and the decrease 1 
ductility and in energy absorbed to fracture are brought 
about by increasing the severity of notch effect as the 
sharpness of the angle increases. With 180° notch (un- 
notched bar) the failure was of the so-called ‘‘ductile 
type as shown by Fig. 14. These fractures were ac- 
companied by relatively high plastic deformation with 
values of per cent elongation of 31% and 30% and per 
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cent reductions of area of 69.2% and 67.4%, respectively. 
goth the 0.505-in. and the 0.236-in. unnotched bars had 
ductile breaks as shown by the ‘‘cup and cone”’ fractures 


in this photograph. 


\s the notch increases in sharpness the ductility, as 
measured by the elongation and reduction of area, de- 


creases; the energy absorbed in fracture 
decreases and the tensile strength in- 
creases. These effects are shown in Fig. 
2. The fracture becomes progressively 
more brittle as the notch decreases in angle 
and therefore increases in sharpness. Fig- 
ures 14, 15, and 16 show the effect of in- 
creasing notch sharpness on the charac- 
ter of fracture. In this connection the 
photographs shown in Figs. 17 to 21, in- 
clusive are interesting. They represent 
fractures obtained by notching square 
bars to the same depth but varying 
from unnotched to notched on one, two, 
three and four sides. The unnotched bar, 
Fig. 17, shows a ductile break with con- 
siderable plastic deformation evident in 
the severe necking and in the “‘cup and 
cone’ fracture. Figure 18 shows the bar 
with one side notched. The bar has 
failed by shear on a 45° plane.  Fig- 
ure 19, the bar notched on opposite 
sides, shows the extent of deformation 
occurring on the unnotched sides and the 
absence of deformation on the notched 
sides. Figure 20 shows very well the 
local deformation on the unnotched side 
and restraint on the three notched 
sides. Figure 21 shows the completely 
notched bar after fracture. There has 
been very little deformation and the 
fracture is brittle. The loads to break 
these bars increased as the numbers of 
notches increased. These illustrations 
show qualitatively the effect of a notch 
on the ductility of the material. 

In an unnotched specimen under 
axial tension the fracture usually starts 
at the longitudinal axis and progresses 
outward while the periphery still holds 
and is still plastically deforming until 
finally the outer ring fails on the 45° 
plane of the applied shear stress. This 
produces the well-known ‘‘cup and cone” 
lracture as shown in Fig. 14. 

A relatively deep and sharp notch 
tends to start a crack at the base of 
the notch and this progresses inward. 
The conditions under which the notch 
effect became critical depend upon the 
material under consideration. Some 
materials such as cast iron would give a 
brittle failure in the unnotched bar. The 
steel used in this investigation showed 
some evidence of its ability to plastically 
deform and thus relieve some of the tri- 
axial stress even with the sharp notch 
angle of 30° at the relatively large depth 
used, 

As the angle of notch decreased the 
character of the fracture reflected an in- 
crease in brittleness. The 180° notch 
(straight bar) gave a large “cup and 
cone” and a relatively smaller flat area. 
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The 90° notched specimens failed with appreciable 
evidence of shear. It was observed that in _ pulling 
of 90° specimen the fillet flattened out before a 


crack started. This local deformation probably relieved 


some of the stress concentration at the notch As the 
angles became sharper the character of the fracture 
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Fig. 12—Effect of Notch Anale on Tensile Properties Mean 
Values 
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Table 7—Effect of Notch Depth on Tensile Strength 


Specimen d, D, Depth, Un. T.S., 
No. In, In. In. k = d?/D* Psi. 
U-16 0.236 0.236 0.0 1.0 79,000 
U-17 0.236 0.394 0.139 0.358 123,700 
U-18 0.236 0.634 0.199 0.138 141,800 
U-19 0.505 0.505 0.0 1.0 79,000 
U-20 0.505 0.662 0.079 0. 580 110,000 
U-21 0.505 0.783 0.139 0.416 120,500 
U-22 0.505 0.903 0.199 0.312 124,500 
U-23 0.707 0.864 0.079 0.687 98,700 


tively. 
No “‘premature’”’ fractures were obtained. 


brittle areas. 


180 


14-14 
B 
sof 
lo +++} 144 
pases 
+44 tt ‘4 tt: : 


1.0 J 8 .7 4 3 wl 0 
RELATIVE ROOT AREA AT NOTCH, 
k = a2/p2 
\O = ULTIMATE TENSILE STRENGTH FOR 45° NOTCH 
& = ULTIMBTE TENSILE STRENGTH FOR ZERO° NOTCH 
T = COHESIVE LIMIT 


Fig. 13—Effect of Notch Depth on Ultimate Tensile Strength, 
Extrapolation to Technical Cohesive Strength 


the type of fracture are accompanied by changes in the 
tensile properties as shown in Fig. 12. The photographs 
shown in Figs. 15 and 16, show the fractures obtained 
on typical specimens of several notch angles at con- 
stant depth. 


A pplication of Kuntze’s Extrapolation Method 


The results of these tests seem to substantiate the 
existence of a linear relationship between notch angle 
and ultimate tensile strength as demonstrated by Kuntze 
Application of the data obtained in this investigation to 
Kuntze’s method of determining the technical cohesive 
strength follows. 

If in Fig. 13 the straight line of tensile is extrapolated 
to zero section, a strength for k = 0 of 150,000 psi. is 
obtained as marked by point B; it will be noted that this 
isasmallextrapolation. From Fig. 9 the tensile strength 
found by extrapolating the line to zero gives a value of 
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d and D represent minimum and maximum diameters, respec- 


reflected decreasing shear and increasing crystalline or 
The sharpest angle gave a large ‘‘flat’’ 
but even it had a small ring of material which indi- 
cated the existence of local shearing. These changes in 
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Fig. 14—Fracture of 0.505-In. Unnotched Bar 


157,000 psi. This represents a theoretical value oj 
tensile strength for zero notch angle and at a k (relative 
root area) of 0.142. If this value is put on Fig. 13 at the 
abscissa representing k = 0.142 the ordinate (point 1/ 
will represent the ultimate tensile strength at zero ang 
and at k = 0.142. Extrapolating the resulting lin 
A-M to zero section gives a value of ultimate tensile 


Table 8—Load and Deformation Data from Bar U-18 


Load, Lb. Deformation, In. 
0 1.06 
5000 0.065 
5400 0.070 
6050 0.075 
6200 0.080 
5600 0.090 
5400 Broke 


strength for zero angle, zero section. This, according 
to Kuntze, represents the technical cohesion limit 
It is the theoretically highest value obtainable for 
tensile strength under pure tri-axial tension. The value 
is shown at point 7 and is about 172,000 psi. 

The difference in tensile strength represented by point 
T and point A is 180/(180—w) times the difference in 
strength of point B and point A, where w is the notch 
angle, in this case 45°. 


Fig. 15—Fracture of Bar with 30° Notch 
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Fig. 16—Fracture of Bar with 90° Notch 


(from curve) T—A = 172,000—79,500 = 
B—A = 150,000—79,500 = 
180 


70,500 — = 
180-45 

The per cent difference between the observed and cal- 
culated values is 


94,000 — 92,500 
= 164° 
94,000 Xx 100 = 1.6% 


92,500 psi. 
70,500 psi. 


calculated) T—A = 94,000 psi. 


The difference in tensile strength between the notched 
and unnotched specimens is, according to Kuntze, pro- 
portional to a function of the notch depth and notch 


sled angle as given by 

the (1 —k)(180—w) 

180 

ingle 

a As shown in the authors’ equation (5) in this in- 
asile vestigation, the above relationship may be expressed as 
ar = x 

180 


where K is a constant of proportionality, AT is the 
difference in ultimate tensile strength of the notched 
bar (at a given value of &) and the unnotched bar and w is 
the angle of the notch in degrees. 

From our curve at the arbitrarily selected value of 
k = 0.5 it is seen that the ordinate gives a value of 
114,000 psi., as the ultimate tensile strength. Since 
the unnotched bar has a strength of 79,500 psi. 


Fig. 18—-Fracture of Square Bar Notched on One Side 
IL 1943 
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AT = 114,000—79,500 
= 34,500 psi. 


Substituting in equation (5) for value of AJ, k and w 


(45°) 
34,500 = K (9-89) (180-45 
LSO 
34,500 
0.375 


= 92,000 psi. 


should enable us to check the 
Selecting 


cor- 
any 


Knowing K then 
rectness of the curve A-B on Fig. 13. 


of Square Bar Notched on Two Opposite 
Sides 


Fig. 20—Fracture of Square Bar Notched on Three Sides 


value of k, such as 0.3, the corresponding ordinate to the 
curve gives a tensile strength of 128,000 psi. approxi- 


mately. AT from the curve equals 128,000—79,500 = 
48,500 psi. This is the observed value of AJ from the 
curve. The calculated value of AT may be obtained 
from equation (5). 
(180—w) 
AT = K (1—k) 180 
—0.3)(180—45) 
= 92,000 
7 135 
= 92,00 
000 x 4 


= 48,400 psi. 


The per cent difference between the observed and cal- 
culated values is as follows: 

48,500—48,400 x 100 

48,500 


difference 
907 
= 0.2% 


These calculations offer a good check on the correctness 
of the curves in Fig. 13 and on the validity of Kuntze’s 
equations as given by McAdam.’ 


Conclusions 


1. The effect of a circumferential notch on an axially 
loaded tension specimen is to decrease the per cent elon- 
gation and per cent reduction of area, increase the ul- 
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Fig. 21—Fracture of Square Bar Notched on Four Sides 


timate tensile strength and the breaking stréss and de- 
crease the work required to fracture the bar. 

2. The ultimate tensile strength of an S.A.E. 6115 
steel increased linearly with the depth of notch and 
with the sharpness of the notch angle. The breaking 
stress also increased with the notch sharpness but not 
linearly. The ultimate tensile strength and the break- 
ing stress approached each other as the notch angle 
decreased. 

3. The character of fracture of an S.A.E. 6115 steel, 
as normalized and stress relieved, changed from ductile 
to brittle as the notch angle decreased at the notch 
depth used. However, there seemed to be no sharp 
line of demarcation between the ductile and brittle 
fractures. 

4. The linear relationship of tensile strength with 
notch depth and notch angle as derived by Kuntze 
seems to be substantiated for the steel used herein. 


Gas Welding Saves 
High-Speed Steel 


in Germany 


O ECONOMIZE on high-speed steel a writer in a 

recent issue of a German magazine uses the follow- 

ing method. The tool shank (0.50 C steel) is 
ground on the end to receive a pad of gas-weld metal. 
As large a radius as possible is ground, and the shank is 
annealed at 750° C. Before depositing the high-speed 
steel on the ground seat the end is brought to a red heat 
with the welding torch, which is adjusted to yield a re- 
ducing flame (acetylene feather 2'/, times as long as the 
blue cone). The welding rod, 0.16-in. diam., is deposited 
on the ground seat. Flux is not necessary but may be 
advantageous. Too large a tip is unsatisfactory. When 
sufficient weld metal has been deposited, the entire sur- 


* An article by W. Hummitzsch, reprinted in the September 1942 issue of 
Journal de la Soudure, pp. 234-237. 
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5. Itis believed that the equations derived by 
for expressing the tensile strength as a function 
angle and notch depth have been confirmed. 

It is the authors’ opinion that further study of th 
notch effect should be undertaken Future work shou, 
include the effect of polydimensional stress and viel, 
strength as well as ultimate and breaking strengths ang 
ductility of ferrous and non-ferrous metals. Complete 
stress-strain measurements should be made on phar 
with notch angles varying from the machinable minimyy, 
to 180° and at varying depths. It is believed that such 
studies will yield information that will be useful in ey. 
tending the knowledge of mechanics of materials 


Kuntz, 
or ne Itch 
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face of the deposit is brought to a temperature at which 
fusion is beginning. At once the torch is removed and a 
jet of air is blown on the deposit to cool it. When it is 
cool, the tool is ground and is ready for use. 

Tests with lathe tools have shown that welded tools 
have 28 to 35% longer life than high-speed steel tools 
that have been oil hardened and drawn in the usual way 
Since oil hardening lowers the life of welded tools, it is 
believed that the cast structure is best for tools, and that 
hardening during air cooling after welding is particu- 
larly thorough because the hardening temperature is 
higher than usual. 

Tests were made on deposits made with two rods: 


A. 0.77 C, 4.25 Cr, 11.3 W, 1.42 V, 0.73 Mo. 
B. 1.00C, 4.25 Cr, 2.4 W, 2.75 V, 2.25 Mo. 


The hardness of the air-quenched deposits was 63 to 64 C 
Rockwell. The deposts were made on shanks containing 
0.5 C, and were compared with high-speed steel tools ot 
the same composition made from forged ingots without 
welding. Cutting shafts having a tensile strength oi 
120,000 psi., the welded tools had 35 to 38% longer life 
than the forged tools. 
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Tests of Cylindrical Shells 


By Wilbur M. Wilsont and Emery D. Olson’ 


I. Introduction 


Object and Scope of Investigation 


HE object of the investigation was to determine 

the action of thin cylindrical steel shells when 

subjected to axial compression, transverse shear 
and flexure, singly or in combinations. Tests were made 
on small machined specimens and large fabricated ones. 
The former were made from 4-in. Shelby seamless steel 
tubing, and the latter were made of '/,-in. steel plates 
fabricated by welding into shells having an outside 
diameter of 30 in., except for one series, for which the 
outside diameter was 28 in. 

The methods of loading included: (1) axial loads, (2) 
transverse loads and (3) combined axial and transverse 
loads. The methods of failure that were studied in- 
cluded: (a) wrinkling due to longitudinal compression 
induced by axial loads, by flexure or by a combination 
of the two; (6) wrinkling due to diagonal compression 
induced by shear; (c) circumferential compression in- 
duced by shear at supports that completely enclosed the 
shell; (d) circumferential moment in supporting rings 
that completely enclosed the shell; (e) circumferential 
moment in a shell at pedestals that did not entirely en- 
close the shell. 


Tests of Fabricated Specimens 
Combined Axial and Transverse Loads 


Tests were made on fabricated specimens to determine 
the effect of simultaneous axial and transverse loads. 
The specimens, shown in Fig. 1 had an outside diameter 
of 30 in. and each was fabricated from a single '/,-in. 
steel plate with a longitudinal butt-weld seam. 

The apparatus for loading the specimen is shown in 
the figure. The force was applied through knife edges 
at the top and bottom located so that the thrust line 
passed through the edge of the kern at each end of the 
specimen. In computing the stresses resulting from a 
given load, the force was resolved into two components 
at the point where its line of action intersected the 
transverse plane at mid-length of the specimen, one 
component being a centric axial force and the other a 
transverse force acting at mid-length of the specimen. 
The former produced a uniformly distributed axial 
stress and the latter produced a flexural stress and a 
transverse shear. 

There were three groups of two identical specimens 
each. The specimens of the various groups differed in 
length and in the ratio of the transverse to the axial loads. 
The lengths had values of 30, 60 and 120 in., and the 
ratios of the transverse to the axial loads had values of 
0.50, 0.25 and 0.125. 


* Abstract of a report of an investigation conducted by the Engineering 
Experiment Station, University of Illinois, in cooperation with the Chicago 
Bridge and Iron Co. Published by University of Illinois Engineering Ex- 
periment Station, Bulletin Series No. 331. 

t Research Professor of Structural Enigneering. 

+ Special Research Graduate Assistant in Civil Engineering. 


All specimens were cut from the same parent plate 
and the physical properties of the plate material were 
determined from standard control specimens. The re- 
sults obtained from the longitudinal and transverse 
control specimens do not differ by a significant amount, 
and the yield point of the material, the average from the 
twelve coupons, was 35,700 psi. 

The specimens were loaded to failure with the appa- 
ratus shown in Fig. 1, and the maximum load-carrying 
capacity was noted. The appearance of the specimens 
after failure is shown in Figs. 2 and 3, and the results of 
the tests are given in Table 1. The yield point of the 
material and the stress computed from the maximum 
load are given in columns 4and 8. It is to be noted that 
the wrinkling stress exceeded the yield point for all 
specimens. Tests of fabricated shells subjected to 
centric axial loads gave a wrinkling stress approximately 
equal to the yield point for specimens having the same 
t/R ratio as the specimens of Table 1.* 

The shells subjected to combined axial and transverse 
loads developed approximately the same wrinkling stress 
as similar shells loaded as columns, the longitudinal 
flexural stress resulting from the transverse load being 
included in computing the wrinkling stress due to a 
given load. This was true for specimens for which the 


* Univ. of Ill. Eng. Exp. Sta. Bull., No. 292, Fig. 21, p. 28. 
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Fig. 1—Apparatus for Subjecting Fabricated Shells to Simul- 
taneous Axial and Transverse Loads 
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Fig. 2 (a)-Specimen E After Failure 


load produced a transverse shearing stress of the order 
of 20,000 psi. This result was to be expected, since the 
transverse shearing stress was zero where the flexural 
stress was greatest, and the flexural stress was zero where 
the shearing stress was greatest. 


Tests of Fabricated Specimens as Beams 


The cylindrical shells had a small thickness relative to 
the radius and, for that reason, were quite flexible and 
could be deflected from their original cylindrical form 
by relatively small radial forces. Because of this fact 
there has been some question as to whether or not the 
general theory of flexure was applicable to such shells 
loaded as beams. The object of the tests was to obtain 
information bearing upon this question. The observa- 
tions included: 


1. The circumferential compression of the shell at 
the loading and supporting rings. 

The vertical deflection of the top of the shell 
adjacent to the loading rings, and of the bottom 
of the shell adjacent to the supporting rings. 

3. The vertical deflection of the neutral axis. 

4. The change in the horizontal diameter of the shell. 

5. The shear at the neutral axis. 

6. The longitudinal flexural stress at a section midway 

between the loading rings. 
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Fig. 2 (b)--Specimen F After Failure 


The fabricated cylindrical shells tested as simple beams 
included twelve specimens, six groups of two identical 
specimens each. The details of the specimens are shown 
in Fig. 4. All were made of '/;-in. plate, and each speci 
men was made from a single piece, the only seam being a 
longitudinal butt weld. The outside diameter was 50) in 
for all specimens except D1 and D2, for these it was 2S in. 

The apparatus for loading the specimens is shown 11 
Fig. 5. The loading rings and the supporting rings 
completely enclosed the shell, and were heavy enough to 
hold the shell to its original shape. The distance be 
tween the loading rings had the same value, 30 in. for al! 
tests, but the distance between a loading ring and the 
adjacent support had different values for the various 
tests, so as to change the relation between the shear and 
the moment to which the specimen was subjected. 

Specimen Al after failure is shown in Fig. 6. [hi 
narrow grooves, visible at the top of the shell near the 
middle, are due to the circumferential compression «! 
the loading rings. 

The tests of cylindrical shells loaded as beams in the 
manner illustrated in Fig. 5 apparently justify the 
following statements: 

1. The distribution of the longitudinal flexural stress 
in the shells adequately reinforced against circumferent:al 
compression was in accord with the general theory »! 
flexure. 
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Fig. 5 Apparatus for Loading Fabricated Shells as Beams 


compressive stress as great as the wrinkling stress of 
similar shells loaded as columns. 

3. Shells that were not adequately reinforced against 
circumferential compression failed at a low load because 
this compression produced circumferential grooves at 
the loading rings that reduced the strength in com- 
pression of the elements of the shell that were subjected 
to a longitudinal flexural compression. 


Tests of Fabricated Shells as Beams Supported on Open 
Pedestals 


Introduction 

When large pipe lines are supported on open pedestals 
there is a possibility that the pipe may fail due to the 
local stress at the pedestal. Tests were therefore made 
on cylindrical shells loaded in such a mafiner as to simu- 
late the conditions of a pipe supported on such a pedestal. 
The manner of loading and supporting the shell is illus- 
trated in Fig.7. For convenience in testing, the pedestal 


S 
S 
j > 
ams 
ig a (a)-Specimens Al & AZ 
in (a)-Specimens Df & 02 
1. Reinforcing 
in fing, Hf YT} 
‘ i! +. 
ail ath si 
2 
us | 
(b)- Specimens 8/& B@ fe)-Specimens £/& E2 
he 
he Nore: L | w ti || 


307/24 


(c)-Seecimens C/& C2 


abricated trom 
Plate. 


(f)-Specimens F2 


Fig. 4 Fabricated Specimens Tested as Beams 
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Fig. 6—Specimen 


that is to cause failure was inverted and used as a loading 
pedestal. The angle of contact was the principal vari- 
able studied, and it had values of 90, 120, 150 and 180° 
for the various tests. Failure occurred at the loading 
pedestal since the load which it transmitted was double 
the reaction of each supporting pedestal. 

The possible manners of failure of a shell loaded as 
shown in the figure include circumferential compression, 
longitudinal flexure, diagonal wrinkling and circum- 
ferential flexure. The tests were planned for failure by 
circumferential flexure due to the shear on transverse 
sections on opposite sides of and adjacent to the loading 
pedestal. 
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Fig. 7—Apparatus for Testing Fabricated Shells as Beams 
Supported on Open Pedestals 
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Three kinds of tests were made with the shell loaded 
in the manner shown in Fig. 7: two were planned to 
determine the elastic action of the shell, and the other 
was planned to give the manner of failure and the load- 
carrying capacity. The specimens were 30- x '/,-in. 
shells, 12 ft. long, for all tests, the only variable studied 
being the angle of contact of the loading pedestal. The 
pedestal was 2'/, in. thick measured parallel to the axis 
of the shell. 

Considerable difficulty was experienced in the tests to 
determine the elastic action, due to the fact that the 
stress was almost wholly a flexural stress, and the shell 
was only '/, in. thick. Two methods were used. The 
radial deformation was measured for one method, and 
the circumferential strain was measured for the other. 
Neither gave results that were very satisfactory, quanti- 
tatively, nevertheless they did give a qualitative picture 
of the action of the shell within the elastic range when 
loaded in the manner described. 
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A, After Failure 
Radial Deflection of Shell 


In the tests to determine the radial deflection of the 
shell within the elastic range, the supporting pedestals 
entirely enclosed the shell, as shown by the dotted lines 
of Fig. 7. The radial deflection due to a load increment 
was menue with Ames dials attached at various poinis 
around the shell in the manner shown in Fig. 8. The 
Ames dials were mounted on plyboard at intervals of 
15°. The plyboard was supported on two horizontal 
steel rods, one on the near and the other on the far side of 
the specimen. The inner end of each rod was turned 
to a diameter of '/s in. and fitted into a hole in the speci- 
men at mid-depth. Holes were provided at several 
points along the shell so that the plyboard could be 
mounted at various distances from the loading pedestal; 
and the radial deflection was measured on planes 4, /, 
10, 13 and 16 in. from the central plane, and on both 
sides of the pedestal. 

The method of making a test was as follows: The load 
was alternately increased and decreased between a small 
and large load (loads of the order of 10,000 and 45,000 
lb., depending upon the angle of contact of the pedestal), 
and the dial readings were recorded for both loads. This 
gave the deflection increment corresponding to a given 
load increment. In general, five sets of readings were 
taken for the same load increment and the resulting five 


Fig. 8—Dials for Deflection of Shell Loaded 
pen Pedestal 
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flection increments were averaged. The deflections 
a the two corresponding planes on opposite sides of the 
ading pedestal, and also at corresponding points on the 
ear and far sides of the specimen, were averaged. The 
sulting averages were very consistent and, it is be- 
ved, quite accurate. One set of tests was made with 
the loading pedestal in contact with but not attached to 
bie shell, and another set was made with the shell welded 
the pedestal. 

The radial deflection of the shell measured in trans- 
erse planes 4, 7, 10, 13 and 16 in. from the center plane 
‘the pedestal is shown by the diagrams of Fig. 9, which 
- for shells not welded to the pedestals. It is apparent 
F-om these diagrams that the change in curvature of the 
hells, and therefore also in the circumferential moment, 
:; fairly uniform over a band of the shell at the pedestal 
») in, wide. In other words, a considerable width of 
hell is effective in resisting the circumferential moment 
at an open pedestal. 


‘oad-Carrying Capacity 


Tests were made to determine the elastic-limit load 
aid the maximum load-carrying capacity of shells 
joaded with open pedestals. The details of the speci- 
nens and loading apparatus are shown in Fig. 7. The 
upporting pedestals had an 180° angle of contact, as 
hown by the full lines, for all tests. Tests were made 
vith 90°, 120° and 180° loading pedestals. The elastic- 
limit load was determined from the radial deflection 
measured at points adjacent to the loading pedestal. 
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fig. 9—Radial Deflection of Shell in Planes at Various Distances 
from Center Plane of Pedestal 


led 


RIL 


TESTS OF CYLINDRICAL SHELLS 


Loading 
Pedesta/—* | 


| Line No. 4 
— 


(Top 


Poirts at which | 
+ aeflectiors 
| 


2-inch 
lrtervals 


were | 


120° bearing 
loading Fedesta/ 


Loading Fedesta/ 


Fig. 10—-Location of Points at Which Radial Deflection Was 
Measured; Tests to Destruction 


where it would be affected by the circumferential com- 
pression; just below the two edges of the loading 
pedestal, where the maximum negative circumferential 
moment would be expected; and somewhat outside and 
below the edges of the pedestal, where the maximum 


STRENGTH OF FABRICATED SHELLS SuBJECTED TO COMBINED 
AXIAL AND TRANSVERSE LOADING 


| | Strength of the Transverse | 


Material Shearing Stress 
Ratio of | Ib. per sq. in. | Stress at Computed 

Speci- Length rans- M Neutral Axis from 
men | verse | um Computed Maximum 

No. | to Axial from 
Load Yield Ultimate sd Maximum Ib. per 

Point Strength Load in.* 

Ib. per sq. in 
) | @) 3) | 4) (5) 6) 7) : 
Ei | 30 0.50 | 14 491 000 18 800 37 900 
E2 | 30 0.50 | | || 514 000 19 700 39 700 
Av. 19 300 Av. 38 
| 

Fl 60 0.25 | on @ << 458 000 9 500 38 400) 
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| Av.10 000 40 Son 

Gl 120 0.125 471 000 5 000 40 300 
G2 120 0.125 482 000 5 100 41 300 
Av. 5 050 |Av.40 800 
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positive moment would be expected. The latter were 
designated as No. 1 and No. 2, and their location is 
shown in Fig. 10. The loading pedestal was 2'/» in. 
thick parallel to the axis of the shell. 

As previously stated, the experimental determination 
of the stress in a shell supported on open pedestals was 
not entirely satisfactory because the shell was thin and 
the stress was due almost entirely to flexure. The tests 
described do, however, justify a few very general state- 
ments relative to the action of the shell, as follows: 

1. Failure was due to circumferential flexure. 

2. A wide portion of the shell was effective in resisting 
the moment. 
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3. The values of the effective width of the pedestals, 


4. The experimentally determined y 
determined by the three methods, were as follows: 


; alues of the 
cumferential moment were in fair agre 


ement with 


——— computed values when the moment was assumed j,, 
Hew iteantea ai Effective Width of Shell in Inches for Pedestals across the effective width as the ordinates of a para 
Wo ee r with Angles of Contact in Degrees as follows: and when the effective width was assumed to have 
following values for the 30- X '/,-in. shell testeq. 
| 180 150 120 90 
| 
Measured radial deflection 70 108 179* ‘ 
; an Angle of pedestal, degrees........ 180 129 
Measured circumferential More than | More then 
strain 84 120 120 120 Effective width, in............... 76 134 1 
Computed from elastic- q 
limit load 76 _ 134 139 


_ *The supporting pedestals completely enclosed the shell for these tests and acted with it in 
resisting the circumferential moment. This had the effect of reducing the moment resisted by the 


5. For the shells tested, the load-carrying capa 
shell adjacent to the loading pedestal and appeared (falsely) to increase the effective width. The varied directly as the angle-of-contract of the pedest 
width of the shell was only 120 in. between loading pedestals. ’ 


Retrigerant-Cooled Spot-Welding 
Electrodes’ 


Discussion by W. G. Moehlenpaht 


R. F. R. Hensel and his associates, having con- small coolant passages and because of low pump c 


ducted some rather limited experiments on ‘“‘re- pacity. The available heat-transfer surface in the ele 
frigerated electrodes vs. water-cooled electrodes,’ trodes was small and no effort was made to increase tj 
presented a paper at the Cleveland Meeting which stirred surface. It is impossible to air condition a room by ru. 
up considerable controversial interest. It is extremely ning a single pipe through the room. If 0° coolant or 5 
unfortunate that they did not carry their investigations water flowed through the pipe, no appreciable differen 
through more completely. The actual measured differ- would be noted because of the physical limitations 9 
ence in face temperature which they obtained was only surface—heat-transfer surface. 
od It would appear to us that the paper admitted that the 
; + failed lish what th t out to do, since they 
through the electrodes was insufficient because of the GO, Since th 


S admit that little difference in face temperature was found 
* Paper by F. R. Hensel, E. I. Larsen and E. F. Holt, published in Re- 


> : when circulating 0° coolant as against circulation of water 

search Supplement to December 1942 issue of Tae W JouRNAL. 

t Welding Engineer, Progressive Welder Co., St. Louis, Mo. Instead of recognizing this failure and attempting t 
An Aircraft Co. A Motor Co. A Second Aircraft Co. 
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orrect it, the paper goes on to show that one unsatisfac- 
- method of cooling electrodes was little better than 
another unsatisfactory method. 

Any one familiar with thermodynamics knows that 
heat transfer is dependent not only on the temperature 
difference, but on the velocity and quantity of the coolant 
volved and especially on the heat transfer surface avail- 
able. There are other variables involved too, such as 
surface coefficients and specific heats. But while they 
must be considered, of course, it is quantity of coolant 
and heat-transfer surface that are the most obvious 
bottlenecks in the electrode. 

A good illustration of the importance of heat-transfer 
surface would be the fins of a modern aeroplane engine 
r the fins in an automobile radiator. The more surface 
that can be exposed to the cooling medium, the more 
heat will be removed. This is a fundamental law of heat 
transfer which cannot be ignored in cooling an electrode 
ny more than it can be ignored in an automobile or in an 
aeroplane engine. 

There are several ways in which increased and im- 
oroved heat-transfer surface can be provided. The en- 
tire electrode holder could be cooled. The interior 
design of the electrodes can be (and soon will be) tre- 
mendously improved—perhaps by finning, or fluting, 
etc. The electrode holder could also be so treated 
advantageously. The point at which increased sur- 
face is most desirable is close to the electrode face, 
since all cooling methods are attempting to hold 
down face temperatures and if face temperatures can be 
held down low enough, pick-up can probably be elimi- 
nated to a very great extent, if not entirely. 

The quantities of coolant that can be circulated are 
also very limited. However, this condition can be some- 
what alleviated by increasing the coolant passages, i.e., 
by increasing the size of the deflector tube and by in- 
creasing the bore in the tip, etc. The transfer coefficients 
can be considerably improved by decreasing the amount 
of the metal between the electrode face and the coolant. 
Instead of '/, or */, in. this should be */, or '/4 in. wher- 
ever possible. 

Here are some curves which show definite and remark- 
able increases in production (number of spot welds be- 
tween cleaning) through better application of refrigera- 
tion (see Fig. 1). 

Mr. Anthony of Goodyear, in commenting on the paper, 
presented conclusive proof that Frostrode units with re- 


frigerated electrodes substantially accelerated production, 
but complained of some messiness due to condensation 
from the electrode holder and welder arms. These com- 
plaints are really minor complaints which can be elimi- 
nated. Mr. Anthony and his staff have shown consid- 
erable ingenuity in overcoming their troubles. They now 
circulate water through the welder arm and upper elect- 
rode holder thus concentrating the refrigeration and frost 
in the lower part of the electrode holder and in the 
electrode itself. Others have insulated the coolant from 
the barrell of the electrode holder by placing a second 
and larger tube around the deflecter tube and causing 
the return coolant to flow between these two tubes. The 
space between the outer tube and the electrode holder 
was then insulated by the use of a high grade powder 
insulation or a flow of compressed air. This method can 
be very effective and only small quantities of compressed 
air are required. 

A few drops of acetone or alcohol (a squirt from a 
long-neck oil can) on each electrode face after cleaning 
will prevent any grit from becoming imbedded in the film 
of ice. The points should then be wiped with a clean 
cloth. This simple procedure will materially increase 
the number of spots and the life of the electrode. This 
is not intended to belittle the intents of the investigators. 

Dr. Hensel and his staff should be complimented for 
initiating a lively public discussion of this subject, and 
for taking time to do research work along these lines. 
However, we are trying to point out that they barely 
scratched the surface in their investigations. The in- 
terest which has been raised should cause additional in- 
vestigations which will point out more possibilities of 
increased production through refrigeration. 


Reply by the Authors” 


In order to get some factual information on refrigerant 
cooling, it was necessary to start with a specific set of 
welding conditions, in which as many variables as pos- 
sible were held constant. The paper, therefore, has to 
be considered as a progress report. This fact was clearly 
indicated in the paper. The research work is being con- 
tinued in collaboration with the Aircraft Welding Com- 
mittee, which has appointed a subcommittee under the 
chairmanship of F. R. Hensel. 
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The Weldability of 


nese-Molybdenum Steel Piping 


(NE-8339) 


By R. W. Emerson* 


Introduction 


HE conservation of strategic metals, as a result 

of the national emergency, has led to the estab- 

lishment of national emergency (NE) steels. 
The use of these steels is highly advocated where pos- 
sible, in order that strategic alloying elements may be 
conserved and used to the best advantage possible. 

The national emergency steels consist of medium 
carbon, manganese-molybdenum steel, A.I.S.I. series, 
NE-8000-8500; and medium carbon, nickel-chromium- 
molybdenum steel, A.I.S.I. series, NE-8600—8900.+ The 
range of composition of these two series of steels is 
given in Table 1. 

Realizing that increasing tonnages of the above analy- 
ses are being used in fabricated parts and with some 
appreciation of the difficulties involved in the welding 
and cutting of the manganese-molybdenum type, par- 
ticularly the grades which exceed 0.25%carbon, it is 
felt that a discussion of some of the problems involved, 
would be of value to those having little or no previous 
experience with manganese-molybdenum steel. 


The Effects of Manganese and Molybdenum on Steel 


Manganese has a complex cubic lattice which lowers 
the transformation temperature of austenite and pro- 
motes the gamma phase over a wider temperature range 
as the manganese is increased. Molybdenum, is much 
more effective in raising the austenite transformation 
temperature than is an equal quantity of manganese in 
lowering this temperature. The combined effects of 
manganese and molybdenum in the quantities listed in 
Table 1, A.I.S.I.. NE-8339, however, produce an Ae, 
temperature which is only a few degrees lower than that 
of plain carbon steel. 

Though the Ae; temperature is only slightly altered, 
the solution of manganese and molybdenum in austenite 
results in a greatly retarded transformation, which in 


* Metallurgist, Pittsburgh Piping & Equipment Co. 
t Since the original writing of this article, additional national emergency 
steel specifications have been issued. 


Table 1—Composition Range of National Emergency Steels 


A.1L.S.1. 

Type No. Mn Max. 
Manganese- NE-8024 0.22-0.28 1.00—-1.30 0.040 
Molybdenum NE-8339 0.35-0.42 1.30-1.60 0.040 

NE-8547 0.43-0.50 1.30-1.60 0.040 
Nickel- NE-8620 0.18-0.23 0.70-0.95 0.040 
Chromium- NE-8739 0.35-4).42 0.75-1.00 0.040 
Molybdenum- NE-8949 ().45-0.52 1.00-1.30 0.040 
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effect, promotes hardenability; this, of course, adversely 
affects weldability. 

The analysis of the material used in this investigation 
is given in Table 2. Though the analysis given does no} 
exactly conform to that of A.I.S.I., NE-8339 (Table | 
the results obtained using the above analysis are he 
lieved to be comparable to those obtainable with NE 
8339. 


Table 2—Chemical Analysis of Material Investigated 
Mn Si Mo 
0.33 1.68 0.026 0.020 0.28 0.30 


The average cross-sectional hardness of this material 
as obtained by water quenching, air cooling and furnace 
cooling 7/1, x 7/1. x 4-in. long bars from 1600° F. is given 
in Table 3. 


Table 3—Average Converted Brinell Hardness of Heat. 
Treated Mn-Mo Steel 


Heat-Treating 


Temperature, °F. Furnace Cool Air Cool Water Quenc! 
1600 192 265 566 


After sectioning the water-quenched bar, a crack was 
observed which extended inward a distance of °/;» in 
from one edge of the bar. This however, was not sur 
prising in view of the subsequent hardness obtained 
The microstructure was found to be fully martensiti 

The air-cooled bar was found to have a very fine uni 
form structure of ferrite and carbide, while the furnace 
cooled specimen consisted of large amounts of ferrite and 
poorly developed pearlite. Visual observation of the 
air- and furnace-cooled specimens after polishing and 
etching indicated alloy segregation (banding). The air 
cooled specimen cooled sufficiently fast through the two 
phase region so that banding was much less noticeabl 
than in the furnace-cooled specimen when observed 
microscopically. 


S Max. Si Mo Ni Cr 
0.040 0.20-0.35 0.10-0.20 

0.040 0.20-0.35 0.20-0.30 

0.040 0.20-0.35 0.40-0.60 

0.040 0.20-0.35 0.15-0.25 0.40-0.60 0.40-0.60 
0.040 0.20-0.35 0.20-0.30 0.40-0.60 0.40-0.60 
0.040 0.20-0.35 0.30-0.40 0.40-0.60 0.40-0.60 


The Effe 


Since 
transfor 
logical t 
metallic 
and sut 
heat-aff 
series 0 


3 
32, / 


The eff 
on the 


ig 
: 
= 
him 
JE. 
1943 
#2 


Fig. 1—Single Bead Deposits 

Made with 1/5, 5 ‘30°, 3 7 32° and 

1/,-In. Mild Steel Electrodes. 
Magnification 1 x 


The Effect of Localized Welding Heat on Manganese- 
Molybdenum Steel 


‘terial 
rac 
given Since manganese-molybdenum steel has a retarded 
transformation accompanied by high hardenability, it is 
logical to expect, with the high cooling rates obtained in 
metallic are welding, that a martensitic microstructure 
Heat- J and subsequent high hardness, would develop in the 
heat-affected zone of this material. For this reason a 
series of single-bead weld tests were made using '/s, 
ench */16, 7/32 and '/,-in. electrodes on thick pipe. 
The effect of increasing welding current (electrode size) 
on the width of the heat-affected zone is shown in Fig. 
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A—'/,-In. Electrode 


1. Figures 2 (A) and (B) show, respectively, the de- 
posit made with '/; and '/,-in. electrodes at a magnifica- 
tion of 5 X. The deposit made with '/;-in. electrode, 
though not visible in Fig. 2 (A), contained a series of 
cracks in the heat-affected zone just below the line of 
fusion, as did the welds made with all other side electrodes 
except that made with the '/,-in. size. 

Figure 3, illustrates the microstructure of the weld 
made with the 5/3.-in. electrode, showing the weld metal, 
line of fusion, extent of cracking in the heat-affected zone, 
the two-phase region and parent metal. The foregoing 
evidence in addition to the Brinell hardness values ob- 
tained in the heat-affected zone of the five single-bead de- 
posits as shown in Fig. 4, is believed sufficient to indicate 
the hazard involved in welding this material with rela- 
tively small electrodes and little or no preheat. From 
Fig. 4, it may be observed that the hardness produced 
using the '/s-in. electrode was 500 Brinell and that 
produced with the and 7/-in. electrodes ex- 
ceeded 400 Brinell, the '/4-in. electrode being the only 
one which produced a hardness not exceeding 300 Brinell. 
Observation of the base line hardness shown to the right, 
indicates that the hardness of the heat-affected zone in 
all cases but one, approaches that of the water quench 
base line. The hardness produced by the °/s-in. elec- 
trode seems somewhat low with respect to the other 
data; in all probability the maximum hardness should 
approach 450 Brinell in this case. 

To further illustrate the effect of the relative heat in- 
put and subsequent rate of cooling on this material, Figs. 
5 to 7 are presented to show the width of the heat-affected 
zone and subsequent hardness obtained on both an oxy- 
acetylene and metallic arc weld using no external pre- 
heat. Low carbon steel filler metal was used in making 
both welds as indicated by the low hardness of the weld 
metal. It is to be observed from Figs. 5 to 7 that the 
oxyacetylene weld has a wide heat-affected zone of low 
hardness while the electric weld has a narrow heat- 
affected zone of higher hardness. Also to be observed 
from Fig. 5 (B) is the crack in the heat-affected zone of 
the back-up bead of the weld of Fig. 5 (A) (magnification 
25 X). <A similar crack occurred in the heat-affected 
zone on the opposite side of the back-up bead. 


B—"'/,-In. Electrode 


Fig. 2—Single Bead Deposits as Shown in Fig. 1. Magnification 5 x 
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Fig. 3--Composite Structure of Single Bead Weld and Heat- 
ected Zone Made Using a */-In. Mild Steel Electrode. 
Magnification 90 « 
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Crack in Heat- 


Physical Properties of Welded Manganese. 
Molybdenum Steel 


In view of the preliminary investigation «|! 


made using a minimum preheat of 400° F. Ph. test 
were made on 18-in. O.D. x 7/y-in. wall pipe. 4 371; 
bevel was used (75° included angle) in conjunction With 
a */y-in. free space and a | x 7/j-in. thick ba king vin 
which was cut from the pipe used in the iny, stigation 
When assembling the joint prior to welding, the back, 
ring was tack welded to the pipe in several places with, - 
the use of preheat. Almost without exception, a crac) 


occurred in the pipe adjacent to the tacks, as shown » 
Fig. 8. All test pieces which were machined froin region 
containing backing-ring tack welds were found to eo; 
tain cracks. Reference to the left- and right-hand speci 
mens of Fig. 13, and the center specimen of Fig. |: 
substantiates this fact. Five electrodes were invest; 
gated, electrodes numbers, 1, 2, 4 and 5 being low-allo, 
high-tensile electrodes, and number 3, being a 2°; chrom 
electrode. All tests were made in the flat position }) 
roll welding the pipe. Electrode number 5 was a fix 
position electrode, and number 2, an all-position elec. 
trode. Electrodes numbers 1, 3 and 4 could be used in al 
positions only with difficulty. 

Hardness measurements were made on all test welds j 
the as-welded, normalized and normalized plus stress 
relieved conditions. Reduced section tensile and ji 
bend test were made only on material in the normalize; 
and normalized plus stress-relieved condition. Sine 
low-alloy steel electrodes, sometimes contain small 
quantities of copper, an age-hardening element, stres 
relieving frequently increases the tensility instead o! 
lowering it; for this reason tests were made in both the 
above conditions. 


Hardness Tests 


The results of hardness surveys on welded manganese 
molybenum steel, using five low-alloy steel electrodes, ir 
the as-welded, normalized and normalized plus stress 
relieved condition are shown plotted in Figs. 9, 10 and 
ll. Figure 12 shows the macrostructure of welds mac 
with number | electrode in the above three mentioned 
conditions. From Fig. 9, it may be observed that the 
parent metal in the “‘as-rolled,”’ or ‘‘as-furnished” con 
dition varies from 225 to 240 Brinell, the hardness jump 
ing to 260-280 Brinell in the heat-affected zone. The 
hardness of the weld deposit made from three of the elec 
trodes varies from 210-230 Brinell. The 2°), chrome 
electrode, maintained the same hardness as the heat 
affected zone, namely, 275 Brinell. The results obtained 
with number 4 electrode are definitely believed to be 2° 
points Brinell low, but additional material was not avail: 
able for a check on the original results. 

Normalizing from 1600° F. removed the heat-affected 
zone and produced a uniform parent metal hardness 
A variation of 240-260 Brinell in the parent metal of the 
five welds tested, is due to the fact that manganese 
molybdenum steel is sensitive to very slight differences 
in the cooling rate which undoubtedly occurred during 
air cooling. Removal of the heat-affected zone by 
normalizing the welds from 1600° F. is substantiated 
by the center specimen of Fig. 12. The weld metal 
hardness of electrode number 5, remained approximately 
the same as in the as-welded condition, while the hard 
ness of numbers 1, 2 and 3, and probably number +, was 
slightly lowered. A rise in hardness is actually show! 
with number 4 electrode, resulting from the fact that a0 
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Fig. 6—Oxyacetylene Weld. Note Wide Heat-Affected Zone. 
Magnification 1 x 


Fig. 5 (A)-—-Metallic Arc Weld. No Preheat. Magnification 1 x 


Table 4—Reduced Section Tensile Tests Made on Mn-Mo 
Steel 


Normalized from 1600° F. After Welding 


Tensile Strength, Elongation, 
Electrode No. Psi Y% in 2 In Remarks 


0 (Mn-Mo base 
metal only 
no welding) 129,840 20) 
130,600 20) 


1 101,500 s Failed in weld 
101,070 8 Failed in weld 


2 ; 102,000 9.5 Failed in weld 
100,100 1.5 Failed in weld 
104,100 9.5 Failed in weld 
106, 100 7.0 Failed in weld 


3 119,450 4.5 Failed in weld 
110,603 4.5 Failed in weld 

4 99,900 9.5 Failed in weld 
104,000 9.5 Failed in weld 

5 107,350 9.5 Failed in weld 
99,700 7.5 Failed in weld 


ail- 


wa Fig. 5 (B)—Section of Weld and Heat-Affected Zone of Back-Up 
all Bead, Fig. 5 (A). Magnification 25 x —————— 
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HARDNESS DISTRIBUTION ACROSS WELDED MANGANESE MOLY STEEL. 


PARENT METAL» 
300 4 PARENT METAL 
| | | | 
REN \ | | PARENT 
| | Bee 

= OXY-ACETYLENE | | | 


Fig. 8—Metallic Arc Weld. Note Crack in Backing Ring 
Tack Weld. Tacked Cold. Magnification 1 x 


abnormally low hardness was obtained with this elec- 
trode in the as-welded condition. 

Normalizing followed by stress relieving at 1150° F. 
produced a very uniform parent metal hardness of 
215-225 Brinell. The hardness of weld deposits made 
with electrodes numbers 2, 3 and 5, remained approxi- 
mately the same as after the single normalizing treat- 


Table 5—Reduced Section Tensile Tests Made on Mn-M, 


Steel 


Normalized 1600° F.—Stress Relieved 1150° F 


Tensile Strength, Elongation, 
Electrode No. Psi. % in 2 In. 
1 99,920 15 
100,400 16 
2 97,260 16 
95,860 15 
3 102,120 14 
100,350 11 
4 94,700 10.5 
96,350 13.0 
5 99,300 13.0 
99,400 10.5 


BRINELL HARDNESS OF MANGANESE -MOLY STEEL 


"AS WELDED” USING FIVE LOW ALLOY STEEL ELECTRODES. 


Remarks 
Failed in wel 
Failed in wel 
Failed in wel 
Failed in weld 
Failed in wel 
Failed in wel 
Failed in wei 
Failed in wel 
Failed in wel 
Failed in weld 
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ment, While the hardness of deposits made with elec- 
‘odes numbers 1 and 4, was somewhat increased. 
Correlation between results of reduced section tensile 


ind hardness tests was not apparent. As Welded 


Tensile Tests 


The results of the tensile tests are given in Tables 4 
ind 5, and the fracture appearance of some of the speci- 
mens are shown in Fig. 13. From Table 4, it is to be ob- 

served that the parent metal had a tensile strength of 
NT (30,000 psi. and an elongation of 20% in 2 in. The 
TAL erage tensile strength produced wine four of the five 
electrodes varied from 101,285 to 103,075 psi. with an 
erage elongation of 8 to 9'/2% in 2 in. The elonga- 
tion value seems very low but when considering that the 
yield point of the base metal was 108,000 psi., which is 


Normalized 1600° F. 


Normalized and Stress 


Relieved 1150° F 


7 n excess of the tensile strength of the weld, this indicates 
: that the entire elongation occurred in the weld metal 
a | which represents, not to exceed one-half of the 2-in. Fig. 12—Macrostructure of Welds Made Using No. | Electrode. 
gage length of the specimen. On this basis it may be Magnification 1 x 
Fig. 10 


BRINELL HARDNESS OF MANGANESE-MOLY STEEL 
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BRINELL HARDNESS OF MANGANESE- MOLY STEEL 
WELDED, NORMALIZED AND STRESS RELIEVED 1150° FAHR. 
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Fig. 13—-Reduced Section Tensile Tests. 


Note Brittle Fracture of Right-Hand Specimen and Cracks from 


Backing Ring Tack Welds, in Parent Metal in Right- and Left-Hand Specimens 


considered that the weld metal elongation varied from 
16 to 19% in one inch. As may be observed from Fig. 
13, all specimens failed in the weld with a ductile frac- 
ture except that in which electrode number 3 was used 
(right-hand specimen). In this case a higher tensile was 
obtained but the weld fracture was definitely brittle and 
also was found to be porous. 

The tensile strength, after normalizing and stress re- 
lieving at 1150° F. using four of the five electrodes, was 
found to be from 1000 to 6000 psi. lower with corre- 
sponding increases in elongation. The same also applies 
to the tests made with number 3 electrode, the tensile 
strength in this case, however, was lowered approxi- 
mately 14,000 psi. with the occurrence of a ductile frac- 
ture. 


Jig Bend Tests 


The bend specimens were machined to */, x */, in. iy 
cross section and bent in a standard bending jig. Th 
results of both root and face bends, in both the normalized 
and normalized plus stress-relieved condition are giver 
in Tables 6 and 7. Both acceptable and unacceptabk 
bends are shown in Fig. 14. 

From Table 6 it may be seen that all face bends except 
one, made using electrodes numbers 1, 2, 4 and 5, had an 
average elongation of 30%) and that all root bends whic! 
passed the jig test without failure, exceeded 30°; elonga 
tion. In some instances, small cracks or tears opened 
up in the root of the weld immediately after bending 
was started as shown in Fig. 14. Since the weld metal 


Fig. 14. Acceptable and Unacceptable Jig Bend Tests 
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Table 6—Bend Tests Made on Mn-Mo Steel 


Electrode No. % 
Mn-Mo base metal 20.8 
only-—no welding) 22.9 
R, 30.5 
F, 33.3 
F, 13.2 
Ry 42.0 
F; 32.6 
33.0 
Ry 19.5 
Fi 16.5 
F; 13.0 
R, 42.8 
Re 47.5 
F, 30.8 
27.8 
Ri 4.9 
34.0 
F, 30.0 
detest No. 2 55.5 
Rs 17.0 
F; 32.0 
29.6 


from 


was reasonably soft, this condition was at first puzzling, 
wt in view of close examination of the root of subse- 
uent tests prior to bending, root cracks were in some 
ses visible to the eye. This condition was found to be 
most prevalent in tests made using number 5 electrode. 
‘he openings in the root of the two right-hand specimens 


IN. in 


The 


nalized Hof Fig. 14 definitely indicated these to be root cracks 

> given #Mformed during welding and prior to heat treatment. 

>ptabl Figure 15 shows both longitudinal and transverse root 
racks in bend tests prior to bending (magnification 

except #Bl'/4 X). It is to be emphasized that the root cracks, as 


had an §fshown in Figs. 14 and 15, developed in spite of a 400° F. 
which ##preheat. The above photographs definitely point to the 
‘longa. FBneed of a high preheat and close metallurgical control 
ypened welding this material. 
ending On the basis of weld metal hardness after normal- 
metal #izing and stress relieving it is believed that the root 
bend tests listed in Table 7, which show both low 
elongation and low bend angle, indicate premature fail- 
we fee. This is believed to have been the result of the 
formation of microscopic root cracks during welding, 
which immediately opened up upon bending. 

It is also to be observed, that those bends which passed 
the jig test, show lower elongation after normalizing 
and stress relieving than after a single normalizing opera- 
tion. This is believed to be due to the fact that stress 
relieving lowered the parent metal hardness and that 
a more uniform elongation over the weld and parent 
metal occurred. In the normalized condition, the parent 
metal was considerably harder than the weld metal 
which produced a “forced stretch’ in the weld metal. 
This condition is clearly shown by the two acceptable 
root bends of Fig. 14. 


Conclusions 


l. Manganese and molybdenum, when present in the 
quantities as listed in Table 1 of this investigation, pro- 
mote high hardenability. High hardenability adversely 
affects weldability. 

2. The hardness obtained in the heat-affected zone 
of single-bead welds made on 7/,-in. thick pipe using no 
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Normalized from 1600° F. After Welding 


Remarks 


180° in jigO : K 

Bent 45°—"/\.-in. tear in root 
180° in jig K 

Bent 30°-—snapped 

Fine tear '/,-in. long, 180° in jig 


180° in jig O : K (no defects) 


Bent 45° and all snapped in two pieces (porosity 
present) 


'/s-in. tear after bending 80° 


180° (no defects) 


Bent 10°-—%/,-in: long tear along fusion line 
Bent 80 '/,-in. tear in weld metal 

180° in jig (no defects) 

Bent on root by mistake 180° (no defects) 

180° (no defects) 

Bent 40°-—tear across root—two small gas pockets 
180° (no defects) 

180° (no defects) 


preheat, approached that obtained after water quenching 
this material. 

3. Cracks formed in the heat-affected zone of all 
single-bead welds when the hardness exceeded 350 
Brinell. 


4. When metallic are welding this material with 


ee Fig. 15—Transverse and 
Longitudinal Root Cracks in 
Bend Test Specimens Prior 
to Bending. Magnification 
X 
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Table 7—Bend Tests Made on Mn-Mo Steel 


Bent 60°—"/,-in. tear in root 


Bent 30°—"/s x '/,-in. tear in root 


6. 


1600° F. 


Normalized 1600° F.—Stress Relieved 1150° F. 5. 
Elec- 
trode 
No. % Remarks 
1 R 21.5 Bent 45°-——'/,-in. tear 
F 22.2 180° in jig O:K 
2 R 22.5 60 °—"/;-in. defect 
F 25.7 180° in jig O:K 
3 R 18.0 Bent 45°—"!/,-in. tear 
F 20.9 O : K, some porosity—180° 
4 R; 28.6 
Re 37.5 
F; 24.8} 180° in jig O:K 
26.4) 
5 R 19.1 
F 30.6 180° in jig O:K 


UNIVERSITY RESEARCH COMMITTEE 
REORGANIZED 


One of the major research activities in 
the welding field for a number of years 
was the stimulation and conduct of re- 
search in the universities of this country. 
The original work was carried out under 
the auspices of the Fundamental Research 
Committee of the old American Bureau of 
Welding. Later on these activities be- 
came identified as the Fundamental Re- 
search Division of the Welding Research 
Committee. 

With the reorganization of the Welding 
Research Committee a few months ago 
this group of activities has been centered 
in the University Research Committee. 
The objectives of the University Research 
Committee are: 


1. To encourage and to foster research 
in the universities. 

2. Tosecure basic information of value 
to the welding industry. 

3. To encourage the training of young 
men in welding research. 

4. To cooperate with project commit- 
tees in the assignment of projects. 

5. To coordinate the efforts of the 
university activities with those of the 
project committees. 


Methods of Accomplishing These Objectives. 


The methods of accomplishing these 
objectives are varied, the most important 
of which are summarized below 
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1. To administer grants-in-aid 
worth-while researchers and projects. 

2. To help professors in the selection 
and formulation of their problems to sup- 
ply bibliographic references and such 
other assistance as may be practicable. 

3. To hold a conference of university 
research workers as may be deemed ap- 
propriate from time to time. 

4. To provide a forum for the presenta- 
tion of reports before the AMERICAN WELD- 
ING SOCIETY meetings, or for publication 
in the Research Supplement, or both. 

5. To arrange for periodical visits by 
members of the committee to university 
research workers at their laboratories, and 
to hold meetings of the University Re- 
search Committee at such laboratories of 
the universities as may be deemed desirable. 

6. To publish, periodically, descrip- 
tions of the welding research personnel 
and accomplishments of specific univer- 
sities so that industry may turn to these 
universities. 

7. Tocompile a list of current research 
probiems needing investigation. 

8. To publish a list of the university 
research workers and their projects. 

The membership of the University Re- 
search Committee is as follows: 

Boardman, H. C. Chairman; Director 
of Research, Chicago Bridge and Iron Co., 
1305 West 105th St., Chicago, I. 

Adams, C. A., ex-officio. Chairman, 
Welding Research Council, E. G. Budd 
Manufacturing Co., Philadelphia, Pa 


to 
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ferritic electrodes and no preheat, crac 
result, in or adjacent to the weld. 

A preheat of 500 to 700° F. should be m 
during welding followed by heat treatment afte 


7. Provided root cracks are not formed 


tions given by Mr. G. Sinding-Larsen, Chie/ 
and Mr. George W. Petrie, Jr., Shop Superintenden: 
Pittsburgh Piping and Equipment Co. 


ks will inevitably 


ailtaine 
T weld 


A tensile strength of 100,000 to 107,000 na 
an elongation of 16 to 19% can be produced in y 
manganese-molybdenum steel 


and 


Welds 
after normalizing frop 


4S a resylt 


of insufficient preheat, 30% elongation can be obtajnes 

by face or root bending in welded manganese-moly},,. 

num steel after normalizing from 1600° F. 
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Silicon Loss Between the Rod and the 
Deposited Metal in Oxyacetylene 
Welding of Cast Iron 


By R. M. Allen, F. F. Dennis and G. Swartz 


Introduction 


HIS experimental work was conducted to determine 

the loss of silicon between cast-iron welding rod 

and the welds made from this rod, and to deter- 
mine the effect that this loss had on the nature of the 
weld metal. A series of rods were analyzed for silicon, 
welds were made from these rods and the welds ana- 
lyzed for silicon. The results from the silicon analyses, 
along with data from the analysis for sulphur, manga- 
nese and phosphorus and Rockwell hardness test, were 
tabulated in an attempt to establish some correla- 
tion which would show the effect of silicon on the nature 
of cast-iron welds. 


Experimental Procedure 


Welding Rods 


Rods were secured from three commercial firms and 
additional rods were cast in the college foundry. 

The silicon content of the rods which were cast in the 
foundry was raised by the addition of ferro-silicon to the 
ladle of iron when the rods were cast. These rods gave a 
range of silicon content varying from 2.00 to 6.17%. 


Welding Procedure 


In order to eliminate as many variables as possible, a 
standard oxyacetylene welding procedure was set up. 

A neutral flame was used on an injection type torch 
with a No. 7 tip. The welding procedure was to first de- 
posit a layer of cast iron from the rod on a steel plate 
/s in. thick, 2'/: in. wide and 6 in. long. A second layer 
was then deposited on the first layer, followed by a third 
layer on the first two layers. The metal was first depos- 
ited in each layer after which the flame was played over 
the surface of the deposit to keep it fluid until the gas 
bubbles and slag could float to the surface. Care was 
taken, in depositing the first layer, to keep the base 
plate from becoming fluid in order to prevent diffusion of 
the base plate metal into the upper layers of the weld. 

_One weld sample was made from each of the commer- 
cial rods, while three weld samples were made from each 


} of the domestic rods. 


Chemical Analysis 


The samples were taken from the rods by turning the 


: tods in a lathe and catching the turnings in marked en- 


* Experimental work carried out by graduate students under the super- 
‘sion of P. R. Hall, Assistant Professor of Industrial Engineering, Engineer- 
ing Experiment Station, The Pennsylvania State College. 


velopes. All scale was removed from the rods before 
taking the sample and a complete cross section was taken 
in all cases. 

The welds were sampled by cleaning the sample care- 
fully of flux and slag and then using a shaper to obtain 
clean metal chips which were analyzed. 

The silicon analyses were made according to the nitro- 
sulphuric acid dehydration procedure. The weighed 
chips were dissolved in the nitrosulphuric acid, boiled to 
dryness, and the salts were dissolved in hydrochloric 
acid. This was filtered on an ashless filter paper, care- 
fully washing the residue with hot, dilute hydrochloric 
and hot water. The residue was placed in a platinum 
crucible and heated in a muffle furnace for one-half hour 
at 1000° C. This was weighed and the silica volatilized 
by the addition of sulphuric and hydrofluoric acids and 
burned again. Finally the crucible was weighed, the 
silica being the difference between this weight and the 
previous weight, from which the percentage of silicon was 
obtained. 

For the other chemical analyses standard procedures 
as outlined by ‘‘Sisco’’ in his “Analysis of Steel’ were 
used. 


Physical Properties 


The hardnesses of all the rods and welds were obtained 
with a Rockwell hardness tester. All readings were made 
on the “B”’ scale. 

The welds were examined and the observations regard- 
ing soundness, machinability and hard spots were re- 
corded. 

A microscopic examination was made of three rods and 
the welds made from these rods. These rods contained 
2.47, 3.36, and 4.46% silicon. The results of the examina- 
tion revealed that it is difficult to determine any differ- 
ence between the microstructure of the rod and the 
weld, either in the etched or unetched condition. Fur- 
ther studies along this line would not be recommended. 


Results 


Data from Chemical Analysis 


From the results of the chemical analyses there is evi- 
dence that the higher the percentage of silicon in the rod, 
the greater the silicon loss between the rod and the weld. 
However, this is not a direct correlation but rather it is a 
trend which can be observed in the accompanying graph 
of silicon content of the rod plotted against the loss of 
silicon from the rod to the weld. There is an extensive 
scattering of points but a curve drawn through these 
points shows an increase in loss as a silicon content of the 
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Plot of Silicon Content of Rods vs. Loss of Silicon from Rod to Weld 


rod increases. In other words, in the region of low loss 
there are no high-silicon-content rods, but as the loss in- 
creases the silicon content of the rods increases. In plot- 
ting this curve, an average was taken of the losses of the 
three welds made from the same rod of the domestic 
class and the average loss was plotted against the silicon 
content of the rod. No other correlation could be es- 
tablished from the data gathered from the chemical 
analyses for sulphur, manganese and phosphorus. How- 
ever, there was a loss of sulphur and manganese in the 
majority of cases while no phosphorus was lost in any 
case tested. 

There is a wide variation of the sulphur, phosphorus, 
and manganese from one class of rods to another and it 
would, no doubt have been more satisfactory to have had 
the composition of all the elements, except silicon, con- 
stant. An effort was made to obtain this condition but 
it was found to be very difficult to do. 

A set of tests were run to learn the effect of carbon- 
izing, neutral and oxidizing flames on the loss of silicon. 
The results did not show any relation between the kind 
of flame used and the silicon lost. 

Another set of tests were run to learn the effect of add- 
ing silicon oxide to the flux. The results of this test did 
not show an increased amount of silicon when the silicon 
oxide was added. The oxide was added 10% to one sam- 
ple, 20% to the second and 30% to the third. 


Data from Physical Properties Tests 
It was determined from the tests of hardness on both 
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the rods and the welds that in the majority of cases the 
welds were harder than the original rods. This was ex 
pected, however, since the loss of silicon would tend t 
have a hardening effect. The large majority of the welds 
were machinable but there were a few cases in which the 
weld was so hard that machining was impossible. The 
non-machinable welds were made from the low-silicon- 
content rods. The rod listed as 1.17% silicon which was 
obtained from the American Cast Iron Pipe Co. was 
easily machined but the weld made from this rod was 
very hard throughout. The results of the tests clearly 
indicate that when the silicon content of the rod is around 
2.50% or lower that the welds become hard, brittle and 
are highly unsatisfactory. 


Conclusions 


No absolute correlation between the silicon content 0! 
cast-iron welding rods and the welds made from thes 
rods was established by these tests, but a trend of higher 
losses of silicon in welds made from higher-silicon-con- 
tent rods has been indicated. The physical properties 0! 
the welds are effected seriously as the silicon content 0! 
the rod drops below 2.50% and indications from the 
tests show that a range of silicon content between 2.7 
and 3.50% will give the most satisfactory welds. Thes 
welds would not be too soft and at the same time would 
not contain hard spots and could be machined easil) 
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nade with carbonizing, neutral and oxidizing 


sts 
4 “es 44 not indicate a relation between the flame and 
the loss of silicon. ° 
~ Addiny silicon oxide to the flux did not effect the silicon 


content 01 the weld. 


If further tests are contemplated, it is recommended 
that rods be obtained of a standard composition with 
silicon as the only variable. In addition, analyses for 
carbon or graphite and tests of strength would, no doubt, 
yield information which would be pertinent to the study. 


Reviews of Recent Foreign Welding 
Literature 


EpIToRIAL Note—The Welding Research Council is unable to obtain current foreign welding Litera- 
ture, but we are indebted to the Welding Research Council of the British Institute of Welding for the 


following abstracts. 


FLAME HARDENING OF RAILWAY RAILS BY THE Oxy- 
ACETYLENE Torcu. Ill. Zeitschrift fir Schweisstech- 
nik, vol. 21, 1941, Oct , pp. 280-283. 


A special 4-flame torch has been constructed for flame- 
hardening rails. In the Swiss Laboratory for Testing 
Materials three samples of rails flame-hardened with this 
torch have been examined for hardness and micro- 
structure, maximum hardnesses of 644, 649 and 753 


| D.P.H. being recorded at the surfaces of the respective 


specimens. Tables are given showing the Vickers hard- 
ness numbers in the rail profiles. There are 5 clear 
photomicrographs showing first, the microstructure of 
the flame-hardened surface and then the microstructures 
at depths of about 2 mm., 3 mm., 4 mm. and 6 mm. 
The original structure (ferrite-pearlite) is reached at 
increasing depths for each rail up to 6 mm. It is stated 
that the three rail samples had a purely martensitic 
structure at the flame-hardened surface, but this gradu- 
ally becomes martensite-troostite or martensite-troostite- 
ferrite as it approaches the original structure of the rail. 
The coarse-grained surface of one of the samples indi- 
cates overheating. 


RESISTANCE WELDING OF LIGHT ALLOYs. Aeronautical 
Research Inst. Tokyo.—R.W. Research Committee, 
1941, no. 210, May, pp. 301-482. (In Japanese.) 


An investigation of the resistance welding of light 
metals has been carried on since 1936 at the Aeronautical 
Research Institute, Japan, with the collaboration of its 
five departments (Aircraft, Electrical Engineering, 
Materials, Metallurgy and Central Work Shop). This 
report gives a general account of the resistance welding 


| of light metals and the results of the investigations up to 


the present. A number of the authorities on the subject 
have reported that in producing satisfactory welds, 
three of the variables, welding current, time and pressure, 
must be accurately controlled. According to the ex- 
periments in the Institute, however, the shape of elec- 
trodes is considered to be one of the most critical variables 
and the proper values of current, time and pressure can- 
not be recommended without the specification of the 
shape of the electrodes. At present the static shear 
Strengths of welds is already satisfactory. Under 
shock, welds of 1.5 to 2.0 mm. thickness have shown 
equal or better results than with 5-mm. rivets. Under 
fatigne, however, the weld is inferior to the riveted 
joint. Subsequent mechanical treatment can improve 
the strength characteristics of the weld and this is being 
investigated further. (Abstracted in J. of the Royal 
Aeronautical Soc., 1941, Dec., p. 444.) 


THE FESA-WEIBEL WELDING PROCESS AND ITs APPLIC- 
ARILITY TO PRODUCTION OF LIGHT METAL PArTs. 
Metallwirtschaft, vol. 20, 1941, Oct. 24, pp 1052-1055. 
The process has not yet found great application in the 

welding of light metal parts. It will apply to parts 

hitherto produced by gas welding. The paper deals 
with the welding of 2 x 0.5-2.0-mm. sheet along turned- 
up or flanged edges (Bordelschweissung). A description 
is given of the welding plant, procedure, electrodes 

(uncoated carbon) and electrode holders. The materials 

used were Pantal (Al with 0.5-1.0 Si, 0.4-1.4 Mg, 

0-1.0 Mn) and Hydronalium 5 and Hydronalium 7 

(MG5 and MG7). 


TESTING THE WELD SENSITIVITY OF STRUCTURAL STEELS. 
Stahl und Eisen, vol. 60, 1940, Dec. 19, pp. 1145-1151. 


The authors endeavor to distinguish between ‘‘weld 
sensitivity’ (Schweissempfindlichkeit), “weld crack sen- 
sitivity’’ (Schweissrissigkeit) and ‘weld bead crack 
sensitivity’’ (Schweissnahtrissigkeit). They limit the 
application of the term “weld crack sensitivity” to the 
gas welding of thin parts. ‘Weld sensitivity” is under- 
stood to mean the tendency of a steel when arc welded 
to undergo such changes of properties in the neighbor- 
bood of the weld that the stresses set up by welding 
cannot be taken up by deformation, but only by the 
formation of cracks. The authors also critically exam- 
ine several German, British and American methods of 
testing the weld sensitivity of steel. (Abstracted in 
Bull. of the Iron and Steel Inst., 1941, Nov., p. 25A.) 


THE PROBLEM OF WELDING CAST STEEL. 

vol. 27, 1940, Dec. 27, pp. 515-522. 

The author reports the results of hardness, elongation, 
impact and creep tests on welded specimens of cast 
carbon steel and cast molybdenum steel after various 
forms of heat treatment, the object being to determine 
the optimum heat treatment for castings with defects 
repaired by welding. It was found that, for both kinds 
of steel castings, after normalizing and welding, it was 
necessary to apply a subsequent heat treatment at 600 
C. followed by cooling in the furnace. In the case of 
cast molybdenum steel which is to be machined where it 
has been welded, the heat-treatment temperature should 
be raised to 750° C. (Abstracted in Bull. of the Iron and 
Steel Inst., 1942, Jan., p. 100A). 


AN EXAMINATION OF THE PROBLEMS IN THE WELDING 
or Crap Metats. Ill. (With bibl.) Metal/wirt- 
schaft, vol. 19, 1940, pp. 267-276. (Translated in 
Sheet Metal Industries, vol. 15, 1941, Nov., pp. 1427 
1432 and 1434; Dec., pp. 1558-1560.) 
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A series of experiments was carried out on clad metal 
to determine the most suitable form of seam, the best 
welding method and the procedure. The author deals 
in full with the following: sheet steel clad with copper, 
nickel, V2A and Remanit 1880-S. Information is 
also given on the welding of Remanit 1710, Remanit 
1880 SS and silver-clad sheet. The results of all tests 
are tabulated and photographs show that misalignment 
of sheets has an adverse effect on fatigue strength. The 
problem of the diffusion of the base metal and the coat- 
ing, which proceeds fairly rapidly at welding tempera- 
tures, is of special importance in the case of nickel and 
its alloys, since nickel and iron have a high rate of diffu- 
sion. In clad containers the iton content must be kept 
low, so that no iron will be dissolved by the contents. 
Investigations were carried out to determine the iron 
content and porosity of the weld. The results of all 
tests led to the following conclusions: with butt welds, 
the form is not important, as V, double V and combined 
square and V welds all showed satisfactory figures for 
mechanical strength and resistance to corrosion; electric 
welding and gas welding of nickel-clad steel gave equiva- 
lent results; as regards the iron content, gas welding 
was found to be superior to electric welding, although the 
latter is to be preferred, since it was impossible to deter- 
mine whether iron up to 9% in the nickel was detri- 
mental or not. When electric welding is employed, two 
machines connected in series should be used. There 


are 36 figures including curves and micrographs and 10 
tables. 


EFFECT OF THE ALLOYING ELEMENTS ON THE STRUCTURE 
AND WELDABILITY OF STEEL St. 52. Archiv fur das 
Eisenhittenwesen, vol. 13, 1940, June, pp. 519-526. 


The author reports on an investigation, the purpose 
of which was to determine the effect of the presence of 
manganese, silicon, chromium and copper on the hardness 
of the heat-affected zone when welding 50-mm. thick 
plates of steel St. 52. When more than 1% of man- 
ganese was present there was a marked increase in the 
hardening, while the effect of chromium was not so great. 
An increase in the silicon and copper (within the limits 
specified for steel St. 52) had no effect. It was estab- 
lished that the hardness obtained on quenching this 
steel bore no relationship to the hardening of the heat- 
affected zone on welding. Specially prepared samples of 
fine-grained and of coarse-grained steel St. 52 were used 
as the parent metal for the bend test on weld metal; 
the coarse-grained specimens broke almost without 
deformation after bending through a very small angle, 
while the fine-grained specimens could be bent through 
60° with good deformation. The general conclusions 
reached were: (1) the weldability of steel St. 52 cannot 
be improved by changing the composition; (2) the best 
weldability was obtained after heat treatment which 
produced a fine pearlite-ferrite structure; (3) fine 
cracks will occur when welding the steel if the section is 
thick and if the structure is coarse; (4) the bend test on 
weld metal is of practical value in the testing of this steel. 
(Abstracted in Bull. of the Iron and Steel Inst., 1941, Oct., 
pp. 210-211A.) 


INVESTIGATION OF THE COMPOSITION OF GASES FROM 
Arc WELDING. Zavodskaya Laboratoriya, 1940, no. 7, 
pp. 785-787. (In Russian.) 


A simple apparatus for analyzing the gases evolved 
during electric welding is described. The electrodes 
used are hollow, and thus facilitate the collection of 
samples of the gas surrounding the arc during actual 
welding Analyses of such gas samples obtained from 
electrodes with different coatings are given. It is 
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pointed out that the volume of gas formed 
electrode coating is several times larger than ¢} 
of the gas sample collected, and there is, there 
risk of the sample being contaminated by 

stracted in Bull. of the Iron and Steel Inst., 
148A.) 


RIGHTWARD WELDING FOR THIN SHEETs. 
schrift fur Schweisstechnik, vol. 22, 1942. 
6-5. 

Rightward welding has always been recommended ;,, 
sheets of 3 mm. and over, but tests recently made ,, 
sheets of 0.8, 1.2, 1.5, 2 and 3 mm. have led ty the 
following conclusions: (1) thin sheets may be welded }y 
the rightward technique without burning throug} 
provided a smaller flame is used; (2) according to cis 
cumstances, the welding rod may be moved in a forward 
direction, or a slight weaving motion may be used: (9 
the weld is narrower than with the leftward techniqy: 
(4) better penetration is obtained and the undersig 
shows a slight increase in thickness; (5) the sheets shoy 
less shrinkage; (6) the cost of welding sheets up 1.5 mm 
with the rightward technique is the same, so is thy 
amount of time consumed, but the quality is superior 
and sheets from 1.5 mm. and over cost less, consum: 
less time and are better in quality. In view of thes 
factors, the author advocates the use of rightward weld 
ing (i.e., the torch preceding the welding rod) for sheets 
of 1.5 mm. and over. 
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Gas WELDING IN THE CONSTRUCTION OF AIRCRAFI 
Il. (In French and German.) Zeitschrift fiir Schweis 
stechnik, vol. 21, 1941, Sept., pp. 252-258; Oct., pp 
284-294; Nov., pp. 316-321. 


As an introduction to the subject of welding applied 
to aircraft, the author makes the usual compariso: 
between welding and riveting with reference to weight 
and cost. The article is devoted mainly to gas welding 
and a description is given of the installation of a new 
type of high-pressure acetylene generator. This is 
followed by a discussion of the tests required of welders 
the point being stressed that the welding of Cr-Mo steels 
must be entrusted to highly qualified welders only 
The high degree of skill required in the welding of com 
plicated tubular parts arises less from their complicatio: 
than from the fact that several sheets and tubes of vary 
ing wall thicknesses are concentrated at a single point 
Here correct welding sequence is essential _ Illustrations 
show correctly and incorrectly welded tubes. As there 
are conflicting views on the best rod for the welding o! 
Cr-Mo steels, tests were carried out by the Federal 
Offices of Works and the Federal Laboratory for Testing 
Materials (E.M.P.A.) with the following types: (! 
Cr-Mo alloy rod conforming to the aircraft standard 
No. 1453; (2) a special alloy rod; and (3) an unalloyed 
welding rod of low carbon content. A detailed account 
of the tests is given. The fatigue properties of the un 
alloyed welding rod showed a marked superiority, whic! 
is attributed to the following reasons: (1) greater 
weldability, i.e., the flux having greater fluidity is easier 
to control; (2) a weaker flame can be used with the 
same thickness of rod at the same speed. In the authors 
view this slight difference in weldability has a marked 
effect on the exterior of a welded seam. It is well know! 
that the fatigue properties of a steel or of a welded as 
sembly can be lessened 60% by notches. In non 
machined welds there is always a notch effect in the 
transition zone, but when an unalloyed welding rod ‘s 
used, the transition is regular and smooth, which is not 
the case with an alloyed rod. Micrographs of tie 
transition zone of welds made with an alloyed rod show 
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partly hard and overheated structure with small 
r ands of martensite, whereas the structure of the weld 
wade with an unalloyed rod may be termed normal. 
rhe author points out that these observations apply only 
. sheet thicknesses of less than 3mm. Intheconcluding 
ection, instructions are given on the correct procedure 


‘or welding Cr-Mo steels. There are 24 illustrations. 


so.peRING HaRD Tips on Toor Streets. (In 

German.) Masch. Markt., vol. 46, 1941, no. 49, pp. 

15-16. 

Hard metal tips on tool steels can be attached either 
y means of a welding flame, high-temperature furnace 
+ use can be made of electric resistance heating. In the 
utter case the usual procedure has been to clamp the 
tipped tool between two copper electrodes, the current 
then passing through the hard metal plate and under- 
ying copper foil (acting as solder) to the tool holder. 
This is liable to cause local overheating due to differences 
in contact resistance and may damage the tip. The 
wuthor describes a modification of the process, in which 
the tool steel forms one electrode and is heated by con- 
tact with a single copper electrode. The heat generated 
melts the solder, and the hard metal tip is then pressed 
n the soldered surface by means of an elastic roller. 
The device uses alternating current, and a transformer 
with several tappings is incorporated so that the heating 
current can be adjusted depending on the cross section 
f the steel tool, the current connectors to the steel and 
copper electrode being water-cooled. For steel cross 
section of 10 x 10 mm. and 20 x 20 mm. the soldering 
time amounts to 1.5 and 3 min., respectively, the 
electrical rating being 8 kw. (Abstracted in J. of the 
Royal Aeronautical Soc., 1942, April p. 121.) 


LOWERING THE COBALT CONTENT OF ALLOYS FOR 
WeLpep CoaTiIncs. Archiv fir das Eisenhtittenwesen, 
vol. 14, 1941, Jan., pp. 357-362. 

An investigation of the structure and hardness of the 
cobalt-chromium-tungsten alloys which are used as 
welding rods to make heat- and corrosion-resisting coat- 
ings (such as stellite) on steel has revealed that they 
attain their maximum hardness after cooling from 1200— 
1300° C. with a subsequent annealing at 800° C., for 
10-72 hr., and that this is due to a precipitation of car- 
bides. In the present paper the authors describe the 
investigation of the properties of alloys containing less 
cobalt and additions of iron, nickel and molybdenum. 
On reducing the cobalt from 65 to 27% it was found that 
no transformation took place after cooling; but with 
still less cobalt a transformation occurred at a tem- 
perature which depended on the amount of cobalt. 
The hardness at high temperatures decreased with a 
decreasing cobalt content. The addition of nickel re- 
sulted in a stable non-transforming structure even with 
only 11% of cobalt and 5% of nickel, and decreased the 
hardness at both room and high temperatures. The 
addition of molybdenum was very promising, and 4 to 
5% of this element with 19% of cobalt produced an 
alloy with properties practically equal to those of any 
non-ferrous alloy. (Abstracted in Bull. of the Iron and 
Steel Inst , 1942, Feb., p. 156A.) 


UNUSUAL FRACTURE PHENOMENA IN THE WELD METAL 
oF HiGH-Qua.ity Arc Webs. Ill. Archiv 
f “ das Eisenhuttenwesen, vol. 14, 1941, June, pp. 605- 
614. 

The authors examine the conditions of welding which 
promote the formation of ‘“‘fish-eye’’ fractures in weld 
metal. These shallow circular areas of a much lighter 
shade than the surrounding metal have frequently been 
described in American publications. The authors also 
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report on a detailed investigation of the possible causes, 
and come to the conclusion that the fish-eye phenomenon 
is due to hydrogen in the weld metal which originates 
mainly from the electrode coating and partly from the 
electrode wire. When fish-eyes are suspected in a weld 
the danger of brittle fracture can be removed by suitable 
annealing treatment. (Abdstracted in Bull. of the Iron 
and Steel Inst., 1942, March, pp. 186-1874.) 


WELDING OF ZINC AND ZINC ALLoys. (In German.) 
Metallwirtschaft, vol. 20, 1941, Dec. 26, pp. 1215-1219. 
An account is given of the development of zinc chloride 

ammonium chloride flux for Zn welding. Oxyacetylene is 

said to give results superior to those of other flames. 

The strength of Zn welds depends on the thickness of the 

sheet: for 1 mm. thickness strength is 10.5 kg. per sq. 

mm. (6.7 tons per sq. in.) falling to 6 kg. per sq. mm 

(3.8 tons per sq. in.) for 5 mm. (heating to 150° C. and 

light hammering raises these values to 90°, of the 

strength of unwelded Zn. As regards Zn alloys, ordi 
nary fluxes used for Zn itself are inapplicable, and special 
ones are said to have been successfully developed. 

There are various references to applications of welding, 

as well as to the use of resistance welding for mass 

production. 


AUTOGENE PRESS-SCHWEISSUNG. II]. (In German and 
French.) Zeitschrift fiir Schweisstechnik, vol. 32, Feb., 
pp. 60-67. 

A description is given of oxyacetylene pressure or 
forge welding, the principles of which resemble those 
underlying resistance butt welding. The edges of the 
pieces to be welded are heated by the oxyacetylene flame 
the type of fixture used to press them together being 
illustrated. Variations in the type of fixture permit the 
welding of round and square bars, strip, piping, rails, 
etc. The pressure necessary ranges front 10 to 15 kg. per 
cm.’, i.e., from 1 to 10,000 kg. according to the section, 
and a table gives the time, torch pressure and gas con 
sumption for various sections. The author stresses 
the importance of following the direction of the rolled 
steel and of removing scale before operations. The 
correct procedure for pressure gas welding is given. 
For the resultant coarse-grained structure a simple heat 
treatment to 900° C. for 2 or 3 min. is recommended. 


THE EFFECT OF THE COMPOSITION ON THE PROPERTIES 
OF WELDED CoaTincs. Ill. Archiv fir das Eisen 
hiittenwesen, vol. 15, 1941, July, pp. 47-58. 

The author reports on an investigation of the structure, 
stability, degree of scaling, hardness and sensitivity to 
cracking at high temperatures of 27 different alloys 
with compositions within the following limits: carbon 
1.1+4.2%, manganese 0.2-6.8%, chromium 23-29%, 
cobalt 0-65%, tungsten 0-16%, molybdenum 0-4.6% 
and vanadium 0-3.1%. The results are presented by 
tables, curves and micrographs. Recommendations 
are made as to the composition of those alloys with re- 
duced percentages of expensive imported elements 
(particularly cobalt and tungsten) which are substitutes 
for stellite and are suitable for the welded coatings to 
make exhaust valve faces and seats for aero engines. 
(Abstracted in Bull. of Iron and Steel Inst., 1942, May, 
p. 20A.) 

AN ANALYSIS OF THE BEND TEST ON WELD METAL. 
Ill. Archiv fur das Eisenhtittenwesen, vol. 15, 1941, 
Nov., pp. 219-229. 

The bend test in which a single bead of weld metal 
deposited on a thick plate is bent with the bend intension 
has been discussed by G. Bierett and W. Stein (see 
Stahl und Eisen, 1938, April 21, pp. 427-431). In the 
present paper the author reports on an investigation of 


FOREIGN WELDING LITERATURE 183-s 


4 
® 
an... py 
Pp 
ae 
4 
& 


the correlations between the different data obtained 
with this test when the bead was deposited on a 40-mm. 
thick plate of a copper-bearing low-chromium steel. 
It was established that the angle to which the specimen 
could be bent before fracture could be more or less 
related to several of the properties of the steel. By 
means of dilatometric measurements it was possible to 
determine the hysteresis loop for the Al transformation, 
and from this, in conjunction with hardness data, to 
determine the tendency to the local formation of mar- 
tensite and to the development of transformation 
stresses. The tendency to form martensite was parti- 
cularly noticeable in the coarse-grained V steels. Com- 
pared with that of the material the method of welding 
had little influence on the properties of the weld. As 
the angle at fracture in the bend test decreased, the 
number of microcracks in the material increased. It 
appears that the plastic range in the heat-affected zone 
of this steel is very small. Experience obtained with 
spring steels leads to the belief that not only does fine- 
grained notch-sensitive steel give good results in the 
bent test on weld metal, but so also does a line-like 
secondary structure in a not quite so finely grained steel. 
The relation between the notched-bar impact strength 
of specimens cut in and across the direction of rolling 
as an indication of the tendency of a specimen to fracture 
without deformation in the bend test on weld metal was 
also studied. (Abstracted in Bull. of Iron and Steel Inst., 
1942, May, p. 20A.) 


CREEP-STRENGTH AND INTERNAL PRESSURE TESTS ON 
WELDED TUBE OF MILD UNALLOYEDSTEEL. Archiv fir 
das Eisenhittenwesen, vol. 15, 1941, Dec., pp. 285-289. 


The author subjected welded tubes of mild unalloyed 
steel (St. 35.29 with 0.12% of carbon) to tensile tests 
(between 20° and 600° C.), creep tests (German standard 
method A117/118, at 400° to 600° C.), and internal 
pressure tests. He tested tubes welded with circum- 
ferential as well as with longitudinal beads. Both types 
of joint were oxyacetylene butt welds. The creep tests 
confirmed an observation made previously on other 
qualities of steel, viz., that the creep strength of the 
welds is, as a rule, superior to that of the unwelded 
material. The internal pressure tests on tubes with 
longitudinal welds indicated that the magnitude of the 
breaking stress for testing periods of 1000 to 10,000 
hr. was affected neither by heat treatment nor by 
machining of the welds, and agreed with the values 
obtained when testing unwelded tubes and tubes with 
circumferential beads. These results lead to the con- 
clusion that in the case of soft unalloyed steel the resist- 
ance of tubes to static internal pressure at high tem- 
peratures is not lowered by welds, and that it does not 
matter whether these are in the original state or have 
been heat-treated or machined. (Abstracted in Bull. of 
Iron and Steel Inst., 1942, May, p. 28A.) 


SILICON AS AN ALLOYING ELEMENT IN STRUCTURAL 
STEEL St. 52. Stahl und Eisen, vol. 62, 1942, March 
12, pp. 222-228. 


The author examines the objections to using silicon 
as an alloying element in high-tensile steel. A quantita- 
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tive evaluation of statistics on the effect< 


of Silicon 
manganese, carbon, copper and phosphorus oy - 
mechanical properties of steel reveals the superior ~ 
perties of steel St. 52 alloyed with silicon. 4 a 
of the literature shows that silicon has a <; triments 
effect on the weldability of steel, but the present auther 
believes this to be due to old prejudices. hy. results 
of many tests on welds made on test pieces of yario - 
steels with electrodes of different silicon contents showes 


that a 0.95% silicon steel is just as weldable as steel 
containing silicon 0.4% and manganese 1.3%, (Ab. 
stracted in Bull. of Iron and Steel Inst., 194°, 
73A.) 


THE WELDABILITY AND CRACK SENSITIVITY of Hicu 
Duty ALLOYS AS PREDICTED FROM THE Puase Dy. 
GRAM. Ill. Zeitscrift zur Metallkunde, vol. 33, \94) 
March, pp. 205-207. 


Experiments were carried out on Al sheet of 99 507 
purity containing 0.40% Si. Welding this materi) 
with a welding wire of the same composition invariably 
led to the formation of welding cracks in the clampe; 
test piece. All tendency to crack, however, disappear; 
wher a welding wire of Silumin (containing 8% Si) was 
used. The author, explains the difference in behayio; 
by examining microphotographs of the alloy structure 
concluding that in the presence of Si as an impurity 
(i.e., 0.3%) precipitation of the latter takes place at the 
confines of the grains, leading to a reduction in molecular 
cohesion. In the presence of excess silicon (i.e., if , 
silumin wire is used), the silicon precipitated from the 
mixed crystal is added to the primary silicon content 
As a result, the silicon is diffused into the basic materia! 
and no damage due to isolated precipitation at the grair 
confines takes place. The author states that similar 
considerations to those applicable to simple 2-phas 
systems can also be applied to the more complicated 
phases occurring in practice (Al-Cu-Mg, Al-Mg¢-Si 
Al-Zn-Mg alloys). Details will be given in a subsequent 
article. (Abstracted in J. of the Royal Aeronautical 
Soc., 1942, May, p. 148.) 


INVESTIGATIONS OF THE OCCURRENCE OF CRACKS IN 
WELDED Bripces. Stahl und Eisen, vol. 62, 1942, 
Jan. 22, pp. 66-72. 


The authors report on tests on specimens of steel 
from the welded bridge at Hasselt, Belgium, which broke 
in March 1938. The chemical composition, hardness 
elastic limit, tensile strength, reduction of area, notched 
bar impact strength, aging tendency and welding pro- 
perties were all studied. The bridge was built of rim 
ming basic-Bessemer steel with a tensile strength oi 
40-45 kg. per sq. mm. and welded with coated elec- 
trodes. The original fractures occurred without de 
formation at an atmospheric temperature of —20° C. 
From this test data it was thought that the failure o! 
the structure was probably due to: (1) bad design 
of the welded joints which caused multiaxial welding 
stresses; (2) the very low temperature of the atmosphere 
and (3) the low notched-bar impact strength of the steel 
at —20°C. (Abstracted in Bull. of Iron and Steel Inst. 
1942, May, p. 21A.) 
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Supplement to the Journal of the American Welding Society, May 1943 


Research in Our Universities 


LEHIGH UNIVERSITY 
Bethlehem, Pa. 


ROBABLY no other university has a longer or 
more sustained record of cooperation in welding 
research than does Lehigh University. The re- 
search work has been a two-pronged affair carried on in 
two different departments, Metallurgical and Civil 
Engineering, and in widely different fields. In both in- 
stances the contributions have been notable and have 
added materially to our basic knowledge. 
The brief description of the work at Lehigh is divided 
into main branches, (1) Metallurgical and (2) Structural. 


METALLURGICAL RESEARCH 


The welding research being done at present under the 
direction of the Metallurgical Department involves 
the evolution of a system for predicting the ductility in 
the zone adjacent to an arc weld, whatever the joint de- 
sign may be and whatever plate thickness, atmospheric 
temperature and rate of heat input per inch may be 
followed. The purpose of this system is to extend the 
field of are welding to those low-alloy and high carbon 
steels which are not now welded because of fear of the 
embrittling effect of the arc heat on the steel and rapid 
cooling in this zone from the high temperature. It 
appears that this system will permit the choice of correct 
welding procedure for each heat of steel without making 
any welding tests but simply by the preparation of a 


The Metallurgical Group 


General Laboratory (East End) 


Jominy end quench bar and a few simple notch bend 
specimens. 

This work was begun in 1940 with the assistance of 
Dr. E. M. Mahla of the Du Pont Company. The work 
has received financial support from the Welding Re- 
search Committee and from the Office for Scientific Re- 
search and Development. It has been carried out in 
coordination with a similar study made at Rensselaer 
Polytechnic Institute under the same auspices. A report 
of the results will be released in the near future by 
N.D.R.C. for publication in THE WELDING JOURNAL. 


J. H. Frye, Jr. 


185-s 


| 
2 
; 
4 
> 
: 
4 INS 
" 
wee 
ve 
G, E. Doan R. D. Stout S. S. Tor 
RIL 
an 


Microscope Room 


The Men Doing the Work 


Gilbert E. Doan graduated from Lehigh University as 
Chemical Engineer in the Class of 1919. He spent a 
year as metallographist at the U. S. Naval Engineering 
Experiment Station at Annapolis under the supervision 
of Dr. D. J. McAdam and in 1920 joined the Una Weld- 
ing Co. of Cleveland, Ohio, as Director of the Research 
Laboratory. He visited all of the larger street railway 
systems in North America, teaching arc welding to a 
large number of track repairmen and construction crews. 
In 1922 he was sent to Germany by his firm to investigate 
current progress in arc welding in that country. From 
1924 to 1926 he spent as a graduate student in metal- 
lurgy at the University of Berlin and received the 
Ph.D. degree in 1927. In 1929 he spent five months 
at the U. S. Naval Research Laboratory at Anacostia in 
collaboration with Dr. Robert F. Mehl in development 
of the Gamma Ray Method of Radiography. In 1930, 
Engineering Foundation established a welding research 
fellowship at Lehigh University which continued under 
Professor Doan’s direction until 1938. He has served 
as consultant to many industrial corporations, es- 
pecially on problems involving radiography of steel 
castings and in the development of welding processes. 
He is now Head of the Department of Metallurgy. 

Robert D. Stout was born in Reading, Pa., and edu- 
cated in the public schools there. He received a B.S. 
from Penn State in 1935 and an M.S. from Lehigh 
University in 1941. From 1935 to 1939 he was con- 
nected with the research laboratories of the Carpenter 
Steel Co. Since 1939, he has been instructor in metal- 
lurgy at Lehigh University. His doctorate work is on 
the subject of weldability. 

Sadun S. Tér was born on March 2, 1916, in Istanbul, 
Turkey. After finishing his primary education in a 
Turkish school he entered Robert College, Istanbul, 
Turkey. In 1936, after finishing his junior year in the 
Mechanical Engineering Department of Robert College 
he came to the United States of America on a Turkish 
Government Scholarship and entered the Colorado 
School of Mines, Golden, Colo., to study mining engi- 
neering. He received his Engineer of Mines diploma 
from this institution in June 1939, and then stayed on 
to get his Master’s degree in Mining Engineering in 1940. 
In the fall of 1940 he entered Lehigh University, Beth- 
lehem, Pa., and received his Master’s degree in Metal- 
lurgy in 1941. During this period he became interested 
in the problems of heat flow in are welding and in the 
summer of 1941 he started to work on this problem to- 
gether with Robert D. Stout. At present he is still 
working on this arc welding project at Lehigh. 


Bibliography of Research Reports 


G. E. Doan, “Inspection of Welds with Gamma Rays,”’ 
presented at the Thirteenth Annual Convention of 
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the American Society for Steel Treati; 
Sept. 21 to 25, 1951. 

G. E. Doan, ‘“‘Ares in Inert Gases, II,” Physi 
May 1954. 

G. E. Doan, “Concerning Crater Formation,’ AMERIcay 
WELDING Society JOURNAL, July 1932. 

G. E. Doan and J. L., Myer, “Are Discharge Not 
Obtained in Pure Argon Gas,” Physical Review, 4 
(1), 36-39 (April 1, 1932). ) 

G. E. Doan and J. M. Weed, “Metal Deposition 
Electric Arc Welding,’’ AMERICAN WELDING Soctery 
JOURNAL, Sept. 1932. 

G. E. Doan, “Arcs in Inert Gases, III,”’ Physica] Re. 
view, May 15, 1935. 

G. E. Doan, “Arc Welding in Argon Gas,” Electrica) 
Engineering, July 25, 1935. 

G. E. Doan, “Annual Progress Report on the Welding 
Industry for 1935,’ Steel, Jan. 6, 1936. 

G. E. Doan, “The Metallurgy of ‘Pure’ Iron Welds” 
Metals Technology and Transactions, A.JI.M.F., Reh 
1936. 

G. E. Doan, ‘Metal Deposition in Arc Welding,” 
THE WELDING JOURNAL, 17 (1), 15-19 (1938). 


Boston 


al Review 


G. E. Doan and A. M. Bounds, “Are Welding Atmos. spectior 
pheres,”’ Ibid., 17 (6), 1-4 (1938). Merritt 
G. E. Doan and S. S. Young, “Crater Formation jy bon arc 
Arc Welding,” [bid., 17 (10) 61-67 (1938). demons 


G. E. Doan and M. C. Smith, “Studies in Arc Welding’ Rese: 
Ibid. (preprinted in November 1939), 18 (10), 62-4 frames 


(1939). directio 
G. E. Doan, “Annual Review of Progress in Welding, Fritz L 
Steel, 104, 183 (Jan. 2, 1939). in COOT 
G. E. Doan and R. E. Lorentz, Jr., “Crater Forma Weldin 
tion and the Force of the Electric Welding Are jy under 1 
Various Atmospheres,’ presented at Annual Meeting related 
A.W.S., Cleveland, Ohio, October 21-25, 1940 sive re 
G. E. Doan, “Annual Review of Progress in Welding, Durins 
Steel, 106 (1), 210 (Jan. 1, 1940). JOURN 


E. M. Mahla, M. C. Rowland, C. A. Shook, and G. F ent as 
Doan, ‘Heat Flow in Arc Welding,’’ THE We DING pally « 


JOURNAL, 20 (10), Research Suppl., 459-s to 468-s (1941 below, 
the A! 
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STRUCTURAL WELDING ratory 
Unive 
Welding activities began at Lehigh University in Weldi 
the winter of 1926-27 with a Welding Symposium under newly 
the direction of Professors R. J. Fogg, F. V. Larkin AMER 
and Bradley Stoughton. These Symposiums were held J% misce 
annually until the depression and did much to stimulat: used 
welding in the Lehigh Valley and neighboring districts of 19 
The Symposiums consisted of demonstrations of the J wasc 
various kinds of welding by representatives from in- Al 
dustry, physical tests of welded joints and the presenta 
tion of papers on selected subjects. One year the theme lL. I 


was “Welding Versus Riveting,’ and another year ‘In 
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H. Sutherland C. Jensen 


spection of Welding.” In 1929, Mr. Hagglund of the 
Merritt, Chapman, Scott Corp., demonstrated his car- 
bon are torch for cutting steel under water. The latter 
jemonstration took place in the swimming pool. 

Research on welded connections in structural building 
frames was commenced at Lehigh in 1936, under the 
direction of Professor Inge Lyse, then in charge of the 
Fritz Laboratory. A research fellowship was established 
in cooperation with what was then the Structural Steel 
Welding Committee of the American Bureau of Welding, 
under the chairmanship of Leon S. Moisseiff. A series of 
related test projects was carried out under three succes- 
sive research fellowships, maintained from 1933 to 1939. 
During this time six papers were published in the 
JOURNAL OF THE AMERICAN WELDING Society on differ- 
ent aspects of welded building frame research, princi- 
pally on beam to column connections (References 1 to 6 
below). Plans for a new committee were formulated by 
the AMERICAN WELDING Society at this time. In the 
interim (1939-40), the welding research at Fritz Labo- 
ratory continued without interruption under a Lehigh 
University Fellowship. In the fall of 1940 the Lehigh 
Welding Research Fellowship was renewed under the 
newly formed Committee G, on Structural Steel, of the 
AMERICAN WELDING Society. A program of tests on 
miscellaneous welded building connections currently 
used in design practice was completed by the summer 
of 1941 (Reference 9), at which time the research fellow 
was called to duty in the U. S. Naval Reserve. 

A list of papers resulting from this work is as follows: 


|. Inge Lyse and Norman G. Schreiner, “An In- 
vestigation of Welded Seat Angle Connections,’’ 
AMERICAN WELDING Society JOURNAL, 14 (2), 
1-15 (1935). 

2. Inge Lyse and Douglas Stewart, ‘“‘A Photoelastic 
Study of Bending in Welded Seat Angle Con- 
nections,”’ [bid., 14 (2), 16-20 (1935). 

3. Inge Lyse and Glenn J. Gibson, “Welded Beam- 
Column Connections,” Jbid., 15 (1), 28-38 (1936). 

+. Inge Lyse and Glenn J. Gibson, “Effect of Welded 
Top Angles on Beam-Column Connections, THE 

, WELDING JouRNAL, 16 (10), 2-9 (1937). 

». Inge Lyse and E. H. Mount, “Effect of Rigid Beam- 
Column Connections on Column Stresses,”’ 
Ibid., 17 (10), 25-31 (1938). 

6. Bruce Johnston and E. H. Mount, “Designing 
Welded Frames for Continuity,” Jbid., 18 (10), 
Research Suppl., 355-s to 374-s (1939). 
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/. H. J. Godfrey and E. H. Mount, ‘Pilot Tests on 
Covered Electrode Welds,’ Jbid., 19 t), 
Research Suppl., 133-s to 136-s (1940). 

8. Bruce Johnston and Lloyd Green, ‘Flexible Welded 


Angle Connections,’ Jbid., 19 (10), Research 
Suppl., 402-s to 408-s (1940). 
9. Bruce Johnston and Gordon R. Deits, “Tests of 


Miscellaneous Welded Building Connections, 
Ibid., 21 (1), Research Suppl., 5-s to 27-s 


ivaz 


The Men in Charge , 


Hale Sutherland, Education: Harvard, University A.B., 
1906; Massachusetts Institute of Technology 

On the staff of the Department of Civil Engineering 
at Massachusetts Institute of Technology, 1912-3 
except for two years in the U. S. Army (1917-19 
absent on leave at Robert College, Istanbul, Turkey 
(1926-27). 


Professor of Civil Engineering and Head of the 
Department, Lehigh University since 1930 

Author: with W. W. Clifford, Introduction to Rein- 
forced Concrete Design, 1926. With R. C. Reese, second 
edition of same in press. With H. L. Bowman, Siructur 
Theory, 3rd edition, 1942; Structural Design, 1938 

Bruce Johnston, Born, Oct. 13, 1905. C. E., Univ. of 


3 
Illinois, M.S., Lehigh, 1934; Ph.D., Columbia, 


1938. 


1930; 
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Awarded James J. R. Croes Medal, 1937, by A.S.C.E., ‘‘Electric Arc Welding Under Water,” pj, 


for co-authorship of paper, “Structural Beams in 1933. Octobe 
Torsion.” “Combined Stresses in Fillet Welds,’ Jbid. Februar 

Prior to graduation from Illinois was testing in- 1934. ™" 
spector of materials during construction of Coolidge ‘‘Discussion of an Investigation of Seat Angle (, 
Dam, Ariz., 1927-29. Structural Designer for Roberts nections,”’ Jbid., February 1935. . 


and Schaefer Co., Chicago, 1930-31. Research Fellow, ‘Welded Structural Brackets,’’ [bid., October 1936, 


Lehigh University, 1932-34. Instructor in Civil En- “Designs Involving Fillet Welds,’ Tur WELDny 
gineering, Columbia University, 1934-38. Assistant JOURNAL, January 1937. 7 
Professor, Lehigh University, and Assistant Director of “Welded Girders with Inclined Stiffeners,” Co-ayt,, 
Fritz Laboratory, 1938-41. Associate Professor and with Wm. Lotz, [bid., October 1937. 
Associate Director, same, 1941-42. Author or co- ‘Stress Distribution in Welds Subject to Bending 
author of various papers on materials and structural Co-author with R. E. Crispen, [bid., October |938. ” 


research and analysis. Since June 1942, on leave from ‘Welded Girders with Inclined Stiffeners,” co-ayt),, 
Lehigh Univ. as Engineer (Civil Service) with Bureau of with Charles Antoni, and Prof. J. Reynolds, [pig 


Yards and Docks, U.S. Navy Dept., Washington, D. C. April 1941. 
Chairman, A.S.C.E. Committee on Design of Struc- ; 
tural Members. Member of the Structural Steel Com- R. M, Mains, Born, January 18, 1918, Denver, Col 


mittee and Fundamental Research Committees of the ado. Graduated m Civil Engineering with special 
A.W.S. Member, Tau Beta Pi, Sigma Xi, Chi Epsilon. honors, University of Colorado, 1938. Research Grady. 
Registered Professional Engineer, State of New York. ate Assistant, University of Illinois, Engineering fy. 
periment Station, 1938-40, degree, M.S. in C.E., 1940. 
Cyril Jensen's work in welding dates back to 1927 Instructor of Mechanics, Missouri School of Mines, 
when he took a short course in are welding given by the with testing work on materials for Fost Leonard Wood 
Lincoln Electric Co., at Cleveland. The first research and instructor of National Defense Training Courses 
work he did was carried on without benefit of skilled = 
operators. His accomplishments are most tersely given Ph “Dit werk 
in the list of my research papers at the end of this 19 at 
sketch. For the past half dozen years short courses "le 
in welding engineering were offered to seniors in the civil, 4 wed tt 
mechanical and industrial engineering curricula; and Ta: Rete Pi 
in the year 1941 a graduate course was given in structural 42U Deta Fi; “Associate Member of Sigma Xi. Re 
welding. cipient of M. S. Ketchum award at University of Colo. 
At present Professor Jensen is on leave of absence doing rado. 
research work at the U. S. Naval Engineering Experi- Present Work: 


ment Station, Annapolis, Md. A. W.S. Program of Tests of Welded Top-Plate and 
Seat-Angle Connections now in progress with J. L 
Brandes as Research Fellow; report to be submitted 
in June. 

A.I.S.C. Program of Tests of Stability of Stiffened 
“Inspection of Structural Steel Welding,’’ American Plates now in progress with A. G. Brodsky as Research 

WELDING Society JOURNAL, January 1929. Fellow; report to be submitted in June. 
“Investigation of Welded Connections Between Beams A.I.S.C. Program of Tests of Columns as Parts o/ 

and Columns,” Jbid., April 1930. -Frames about to commence actual tests with Georg 


“Effect of Current on Strength and Ductility of Are Packer as Research Fellow; report to be submitted 
Welds,” Ibid., January 1931. in Sept. 


Publications of Cyril D. Jensen 


WELDING HANDBOOK 


World’s most authoritative book on all phases of welding 


1600 pages prepared by 270 leading welding experts 
Price $6.00 in the U.S. A., $6.50 elsewhere 


Price to members for extra copies $5.00 


RICAN WELDING SOCIETY 
33 WEST 39th STREET, NEW YORK,N. Y. 
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COMMITTEE ON FATIGUE TESTING (STRUCTURAL) 
of the 
WELDING RESEARCH COUNCIL OF THE ENGINEERING FOUNDATION 


REPORT NO. 3 


Fatigue Strength 


of Butt Welds in 


Ordinary Bridge Steel 


Summary 


HIS Report describes the fatigue testing under 

axial stresses, of several sets of butt-welded speci- 

mens, usually of 5 X ‘/s in. in critical cross sec- 
tion, welded some under fairly ideal, but mostly under 
commercial conditions. It describes the calculation, 
from such test results, of unit weld stresses which similar 
joints would probably resist to 100,000 or, respectively, 
to 2,000,000 repetitions. From these many calculated 
values it summarizes the unit fatigue strengths which 
may be dependably expected in butt-welded joints com- 
mercially produced under standard specifications; to 
which dependable strengths a designer will of course 
apply whatever factor of safety he deems appropriate 
for his particular conditions. Throughout this Report, 
calculations of strength per square inch are based upon 
the thickness of the base material, disregarding excess 
thickness of weld metal. 

The findings of greatest interest to designers are the 
following: 
|. Butt welds in ‘/s-in. carbon steel plate, of the 

quality of A.S.T.M. Specification A7, welded in shop 
under fairly ideal conditions of flat position, skilled 
operators, smooth contours, single-U grooves, back- 
chipped, back-welded and revealing virtually no porosity 
under X-ray, developed, in the as-welded condition, fa- 
tigue strengths equal to or greater than: 


N 


29 
Cycle zero-to-tension ‘ \ 100,000 32,000 psi. 


2,000,000 — 22,100 psi. 

100,000 — 21,400 psi. 
2,000,000 — 13,300 psi. 
N = number of cycles 


> 


Complete reversal} 


2. For butt welds in 7/,-in. carbon steel plate of the 
quality of A.S.T.M. Specification A7, with carbon not 
over 0.25% nor manganese over 0.70, commercially butt- 
welded in accordance with the AMERICAN WELDING 
SOCIETY Specifications for Welded Highway and Railway 
Bridges, and in compliance with all the specification re- 
quirements for inspection of operators and for workman- 
ship, whether welded in shop or field, and in any posi- 
tion, there may be anticipated, in the as-welded condi- 
tion, “dependable”’ fatigue strengths as follows: 


{N= 100,000 — 27,000 psi. 
Cycle zero-to-tension) 7 _ 2,000,000 — 18,000 psi. 


ati = 100,000 — 16,500 psi. 
Complete reversal) — 2,000,000 — 11,000 psi. 
3. Comparable “dependable” fatigue strengths for 
other numbers of cycles, between 50,000 and 4,000,000, 
may be obtained from Fig. 5 of this Report. 


4. For butt welds as described under either (1) or 
(2) above, it may reasonably be expected, from the 
few tests made in the ‘basic’ series, that the fatigue 
strength for the cycle, max. tension to '/, max. tension, 
for 2,000,000 cycles, will exceed the static yield point 
of the base material. 

5. For butt welds showing surface defects such as 
undercutting and marked abruptness of reinforcement 
contour, and for butt welds lacking in completeness of 
fusion, the fatigue strength may be expected to be less 
than stated in (2) above and cannot be dependably pre- 
dicted. For butt welds not complying in procedure 
and workmanship with the specification stated in (2) 
above, and not equal to the better or best commercial 
welds in fusion and homogeneity, no dependable pre- 
diction can be made as to endurancé under repeated 
loading. No such butt weld should be permitted in a 
bridge or other intermittently loaded structure. 

6. Fatigue tests that were not continued to failure 
had very little effect upon the ductility or ultimate 
strength of the material, as determined by subsequent 
static tests; but they increased the yield point in those 
instances for which the maximum stress in the fatigue 
test exceeded the original yield point of the material. 

The several series of experiments upon which the 
above conclusions are based, are summarized in the Sum- 
mary Table following. The average fatigue strengths 
obtained in the ideal or ‘‘basic’’ series are considered as 
1.0, and the fatigue strengths obtained under the various 
conditions indicated are summarized in fractions thereof. 


I. Basic Program 


At its organization meeting in February 1938, the 
Committee determined, among other things, to investi 
gate the dependable fatigue strength of butt welds in 
ordinary carbon bridge steel. The need for this was 
known to the Committee from the fact that the AMERI- 
CAN WELDING Society, in developing its Specification 
for Welded Bridges (1936), had been compelled to as 
sume the fatigue strengths of welds from foreign test 
reports, principally German, all of them employing 
materials and technique not clearly explained but ob- 
viously different from American practice. It was, in 
fact, this situation with respect to specification writing 
for structures subject to intermittent loading, that had 
in largest measure led to the organization and financing 
of “Committee F, Industrial Research Division,”’ as it 
was then designated. 
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fig 1—Details of Specimen for Tests of Butt Welds in’/,-In 
Carbon-Steel Plates 


It was determined to commence the program on the 
two fatigue machines already existing at the University 
{ [Illinois which had been employed in fatigue tests of 
riveted joints (Wilson and Thomas, University of 
[llinois, Eng. Exp. Sta. Bulletin No. 302, May 31, 1938) 
and in a few fatigue tests of butt welds (Wilson and 
Wilder, Bulletin No. 310, Jan. 20, 1939). Later two 
additional machines were constructed; each of the four 
having a capacity of plus 200,000 to minus 200,000 Ib. 
[he essential features of all the machines are explained in 
Bulletin No. 302. 

The Committee determined that its initial program 
should determine rather basic, or ideal, values, below 
which the dependable values of commercial work might 
be expected to lie. Close controls were therefore es- 
tablished over the initial program. The steel plates 
were obtained under the best practicable conditions as 
regards uniformity, the entire program being derived 
from two plates specially rolled from the same heat and 
as nearly duplicates as the mill could produce. The 
electrodes were given a complete “qualification” testing, 
the welding operators were chosen for their experience 
and skill, and all welds were required to pass a ‘‘pressure 
vessel” type of X-ray examination before admission to 

fatigue testing. 

All specimens were of ‘/s-in. plate. The form of 
specimen is shown in Fig. 1. The joint groove was of 
single-U type, as shown in Fig. 2. The weld was laid 
in 10 passes from the bottom upward, and then chipped 
and back-welded, also as shown in Fig. 2. Weld passes 
were all made with */,.-in. electrodes, and with 170-180 
amp., 30 v., d-c., reverse polarity. 


Back Chip 7 


Fig. 2—Details of Welding Procedure. Basic Series 


Averages of 8 tests of chemical properties from each 
plate were: 


Cc Mn P S) Si Cu 
Plate A 0.28 0.48 0.015 0.034 0.01 0.03 
Plate B 0.23 0.47 0.014 0.033 0.02 0.02 
Averages of Filler Metal analyses, from 4 pieces ma- 
chined from specimens, were: 
Cc Mn P Ss Si Cu 
0.09 0.51 0.017 0.031 0.17 0.03 


Averages of 6 tests of physical properties of each plate 
were: 


TS. pe El. in 8 In. Red. of Area 
Plate A 63,500 36,200 30.3% 51.8% 
Plate B 59,100 33,400 32.0% 56.0% 
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(All of the data given above, and hereafter in this re- 
port, are given in greater detail in reports of the Engi- 
neering Experiment Station, University of Illinois, by 
Wilbur M. Wilson and others, as follows: 


Bulletin No. 327, Feb. 1941, by Wilson, Bruckner, 
Coombe and Wilde, “Fatigue Tests of Welded 
Joints in Structural Steel Plates.” 

Bulletin No. 344, by Wilson, Bruckner, McCrackin 
and Beede,* ‘Fatigue Tests of Commercial Butt 
Welds in Structural Steel Plates.” 


The intention of the Committee is to cite the University 
of Illinois Bulletins, which are readily available, as refer- 
ences for all who desire the most complete data; and in 
its own Reports to include only enough data to make its 
objectives and conclusions clear to the general indus- 
trial reader.) 

In the initial or “‘basic’’ program, specimens identical 
in general dimensions were tested with the following 
variations: 


1. No welding—parent plate with 
(a) Mill scale planed off. 
(6) Mill scale on. 
2. Reinforcement planed flush with surface of plate 
on both sides 
(a) With stress relief (1200° F. one hour, furnace 
cooled). 
(b) Without stress relief. 
3. Reinforcement ground flush, using a 
grinder 
Without stress relief. 
4. Reinforcement not removed 
(a) With stress relief. 
(6) Without stress relief. 


portable 


In the foregoing schedule, the order *is that in which 
decreasing fatigue strength was anticipated before test- 
ing was commenced. 

All fatigue testing was performed with continuous 
operation of the machines, a procedure justified by the 
“Rest vs. No-Rest” program described in Report No. 1 
of Committee F, predecessor to the present Committee. t 

The test data are given in Tables 1 (a) to 4 (6), as 
follows: 


Table in 
Bulletin 327 


Table 1 (a), Item 1 (a) above, parent plate, mill 


Lower part of 12 
Table 1 (5), Item 1 (b) above, parent plate, mill 

Table 2 (a), Item 2 (a) above, reinforcement 

planed flush, stress relieved.................. 9 
Table 2 (b), Item 2 (b) above, reinforcement 

planed flush, not stress relieved.............. 8 
Table 3, Item 3 above, reinforcement ground 

flush, not stress relieved.................... 10 


Table 4 (a), Item 4 (a) above, reinforcement on, 


7 
Table 4 (b), Item 4 (b) above, reinforcement on, 
6 


In the last column above are listed the corresponding 
table numbers in Bulletin No. 327, University of Illinois. 
The tables herein are somewhat condensed, and in par- 
ticular they omit some of the values of ‘‘fatigue strength” 
stated in the tables of Bulletin No. 327. The reason is 
as follows: 

Throughout that Bulletin and this Report, the actual 
stress/number of cycles (S/N) data from the individual 


* This Bulletin is expected to be available about August 1, 1943 

+ Reports Nos. 1 and 2 were issued in 1941 and 1942, respectively, by Com- 
mittee F, Welding Research Committee. Late in 1942 the Welding Research 
Committee was reorganized as the Welding Research Council, and the Com- 
mittee on Fatigue Testing (Structural) was reconstituted without the designa- 
tion ““F.”’ 
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Table |—Fatigue Strength of Unwelded Plate 


No. of Cycles, ~ Pounds per Square Inch—-—-- Point of 
N, Endured to Static Calculated Fatigue Strength, F,f at Failure if No 
Stress, S, Psi. Failure Strength* n = 100,000 n = 2,000,000 at Min Sectios 
(a) Mill Scale Planed Off ’ 
0 to +47,000 417,900 63,100 60,500+ 35,500 Edge of fillet: 
0 to +47,000 330,000 63,100 58,300 _ 35,200 — Edge of fillet” sia 
Averages 59,400+ 35,400 — 
(6) Mill Scale On 
Zero-to-Tension 
0 to +45,000 155,400 62,700 48,700 Edge of fille: 
0 to +45,000 187,300 62,700 50,400 Edge of fillet 
0 to +45,000 184,700 62,700 50,300 neil Edge of fillet 
0 to +38,000 1,377,800 58,600 ped 35,500 Edge of fille: Full J 
0 to +32,000 3,089,200 58,600 32,000 + No failure +3 
0 to +32,000 901,200 58,600 27,700 Edge tangent pt. +3 
0 to +31,000 3,004,600 63,100 <ihies 31,000+ No failure : +3 
Averages 49,800 31,600+ 
+2 
Full Reversal +! 
+30,000 to —30,000 57,900 64,800 27,200 Hf 
+30,000 to —30,000 58,600 64,800 27,300 Edge of fillet 45 
+30,000 to —30,000 75,500 64,800 28,500 4! 
+21,000 to —21,000 273,000 59,400 25,200 cant Edge of fillet 
+20,000 to —20,000 1,709,100 64,800 nas 19,400 Edge of fillet 
+22,000 to —22,000 655, 100 59,400 18,000 Edge of fillet 
+21,000 to —21,000 559,700 59,400 16,700 Edge of fillet is 
+20,000 to —20,000 761,900 59,400 las 16,800 Edge of fillet 
Averages 27,100 17,700 

* Static test on coupon taken from same parent plate and reasonably close to fatigue specimen. 

tk = 0.18. 

t See Fig. 1. 

Each entry in all tables in this report is a test report on an individual specimen. 

Full 
tests have been converted into approximate ‘fatigue A study of the equation shows, that if N/m has any + 
strengths” at 100,000 or at 2,000,000 cycles, by use of the value from 0.20 to 4.0 the fatigue strength F i00,000 OF + 
empirical equation F = S (N/n)* discussed in Report  F2,000,000 calculated with k = 0.13 does not vary mor + 
No. 2 of Committee F. than 5% from what it would be if calculated with ¢ 7 

In many of the test groups, usually of three sup- 0.10 0rk = 0.16, assuming either such value to be a mor 4 
posedly identical specimens tested at the same stress correct choice. This may be illustrated on log-log 
cycle, the individual tests in the group were quite incon- _ plotting as shown in the diagram below. Vs 
sistent, and there were not enough specimens with the Therefore, in all tables in this Report, in computing +k 
same groove, electrode and position of welding to es- the individual F’s and the average F at m = 100,(00 al! Z 
tablish a value of k for use in the empirical equation. tests are included in which /V by test did not exceed 4.() » 

The tests of as-welded joints with reinforcement on, 100,000 = 400,000; in computing F at 2,000,000 all leis 
Table 4 (+), showed better than usual consistency, and tests are included in which N by test was not less thai Fat 
for these a value of 0.13 for the coefficient k could be 0.20 2,000,000 = 400,000. This is arbitrary but not ks 
entirely justified. This same value was therefore ap- without a reasonable basis; it occasions some slight di! thev 
plied to all the tests of welded joints with reinforcement ferences between individual values and between aver ere g 
on reported herein; all tests reported in tables subse- ages, as stated in Bulletin No. 327 and as stated herein wren 
quent to Table 4 (0) are tests on the same type of speci- Also, in many of the tables, computed values for F at we c 
men as described for that table. (A value of k equal = 100,000 are shown for tests which exceeded 4()0),()(! Of 
to 0.18 was used for the tests of plain plates or tests of cycles. But they are computed as they would hay follo 
welded specimens with the reinforcement removed.) been had they reached 400,000 cycles only, and are {0 

30000 
Z 
Fb 18440 
Fa 17690 Any single test result 
€.g-,5 *!|5400, N #400000 
a 
b 
200000 300000 400000 1000000 2000 000 ' 
Norn | 
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Table 2~Fatigue Bisentth < of Butt-Welded Plates with Reinforcement Planed Flush 


No. of Cycles, ———————Pounds per Square Inch — 
Vor N, Endured to Static Calculated Fatigue Strength, Ft. at Point of Failure if 
Hon Stress, S, Psi. Failure Strength* n = 100,000 n = 2,000,000 Not at Weld 
Table 2 (a) Specimens Stress Relieved 
Zero-to-Tension 
0 to +45,000 198,600 62,300 50,900 
0 to +45,000 173,200 62,300 49,700 
0 to +45,000 136,100 62,300 47,600 ee 
0 to +36,000 342,600 61,100 44,900 26,900 — Edge of fillet 
0 to +36,000 505,300 61,100 pr 28,100 Edge of fillet 
0 to +36,000 619,200 61,100 eas 29,200 Edge of fillet 
Averages 48,300 28,100 — 
Full Reversal 
+30,000 to —30,000 121,500 65,800 31,100 pachie Edge of fillet 
pt.t +30,000 to —30,000 26,900 65,800 23,700 
a +30,000 to —30,000 24,600 65,800 23,300 
+24,000 to —24,000 125,400 60,000 25,000 : 
+24,000 to —24,000 58,000 60,000 21,800 ea Away from weld 
+24,000 to —24,000 50,800 60,000 21,200 pe Away from weld 
+20,000 to —20,000 370,500 62,300 25,300 15,000 — 
+20,000 to —20,000 710,200 65,800 ies 16,600 
+20,000 to —20,000 719,100 60,000 . 16,600 
Averages 24,500 16,100 — 


Tadle 2 (b) Specimens Not Stress Relieved 
Zero-to-Tension 


0 to +45,000 104,900 63,100 45,400 = 
0 to +45,000 223,200 63,100 52,000 + Edge of fillet 
0 to +45,000 155,300 63,100 48,700 ise Edge of fillet 
0 to +32,000 3,540,400 63,100 32,000 + 
0 to +35,000 334,600 57,200 43,500 26,200 — 
0 to +33,000 607,400 57,200 26,600 
0 to +33,000 1,081,700 57,200 29,500 
Averages 47,400 28,600 
Full Reversal 
“eee +30,000 to —30,000 54,700 63,800 26,900 Away from weld 
S any +30,000 to —30,000 89,100 63,800 29,400 
000 OF +30,000 to —30,000 106,800 63,800 30,400 Away from weld 
more +22,000 to —22,000 558,900 63,800 17,500 Away from weld 
b +24,000 to —24,000 276,200 57,200 28,800 » Away from weld 
more +24,000 to —24,000 370,500 57,200 30,400 18,000 — Away from weld 
. rs +24,000 to —24,000 175,500 57,200 26,600 Edge of fillet 
Averages 28,800 17,800 — 


tes * Static test on coupon taken from same parent plate and reasonably close to portion from which the fatigue specimen was made 
tk = 0.18. 
JO all 


LO 
0 all = 
tha lowed by a plus sign. Similarly, computed values for ceded in the tables with a heavy dot. These have been 
sal Fat nm = 2,000,000 cycles are shown for tests which did omitted from the averages stated just beneath, because 
t dif. not attain 400,000 cycles. But they are computed as they would in each case affect the average in a direction 
chee they would have been had they reached 400,000 cycles for which it is felt that the *y have too weak a basis in 
ale and are followed by a minus sign. It seems reasonable, fact as compared with the other d: ati Lin the same groups. 
F at having so few tests, to record in this manner as much as In the several series of tests on “‘basic”’ specimens, it 
1 00 we can reasonably say, as to the fatigue strength of each. was found that tests on a cycle, tension-to-tension '/2 as 
havi Of these more uncertain fatigue strengths, those great, gave a 2 million-cycle fatigue strength (‘‘basic’’) 
fol followed by plus or minus signs, certain ones are pre- in every case greater than the static yield point of the 
Table of Butt-Welded Plates with Ground Flush, Not Sica Relieved 
1 No. of Cycles, —_—————Pounds per Square Inch- ~ Point of 
: ; N, Endured to Static Calculated Fatigue Strength, F,f at Failure if Not 
1 Stress, S, Psi. Failure Strength* n = 100,000 n = 2,000,000 at Weld 
Zero-to-Tension 
1 0 to +45,000 197,300 60,200 50,900 
: 0 to +45,000 218,200 57,700 51,800 
0 to +45,000 107,400 57,700 45,600 
0 to +31,000 273,000 57,700 37,100 
0 to +32,000 231,400 57,700 37,200 ; 
0 to +32,000 728,100 57,700 oF 26,700 
0 to +32,000 604,700 57,700 cad 25,800 
Averages 44,500 26,300 
Full Reversal 
+30,000 to —30,000 38,400 60,200 25,300 ; 
a +30,000 to —30,000 78,500 60,200 28,700 sce Edge of fillet 
b +30,000 to —30,000 49,700 60,200 26,500 
ne Averages 26,800 
000 * Static test on coupon taken from same parent plate and reasonably close to portion from which the fatigue specimen was made. 


tk = 0.18. 
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No. of Cycles, — 
N, Endured to Static 
Stress, S, Psi. Failure Strength* 


Table 4—Fatigue Strength of Butt-Welded Plates with Reinforcement On =m 


Pounds per Square Inch Point of 
Calculated Fatigue Strength, Ft, at Failure if Not 
n = 100,000 n = 2,000,000 at Weld 


Table 4 (a) Specimens Stress Relieved 


Zero-to-Tension 


0 to +30,000 182,700 62,300 
0 to -+30,000 140,200 62,300 
0 to +30,000 796,300 62,300 
0 to +30,000 526,500 62,300 
0 to +25,000 1,292,700 58,800 
0 to +25,000 341,000 58,800 
0 to +25,000 1,034,800 58,800 


Averages 31,000 


Full Reversal 


32,400 224,300 — 
31,300 224,300 — 
26,600 

25,200 

23,600 
29,300 20,300 — 

22,900 
23,700 — 


+20,000 to —20,000 139,600 65,800 20,900 
+ 20,000 to —20,000 127,500 65,800 20,600 
+20,000 to —20,000 222,900 65,800 22,200 e 16,200 — 
+ 16,000 to — 16,000 3,433,100 65,800 16,000 +- 
+16,000 to —16,000 3,152,700 58,800 eer 16,000+ No failure 
+ 16,000 to — 16,000 295,100 58,800 18,400 13,000 — 
+ 16,000 to — 16,000 3,145,200 58,800 16,000+ Away from weld 
Averages 20,500 15,300 + 
Table 4 (b) Specimens Not Stress Relieved 
Zero-to-Tension 
0 to +30,000 253,200 63,100 33,900 “Peed Away from weld 
0 to +30,000 241,700 63; 100 33,700 
0 to +30,000 190,900 63,100 32,600 
0 to +28,000 277,100 63,100 32,000 eras 
0 to +25,000 1,114,400 58,200 Sohal 23,200 
0 to +25,000 763,400 58,200 22,100 Away from weld 
0 to +25,000 816,000 58,200 ae 22,300 Away from weld 
Averages 33,100 22,500 
Full Reversal 
+20,000 to —20,000 167,900 63,800 21,400 
+20,000 to —20,000 251,900 63,800 22,600 
+20,000 to —20,000 271,500 63,800 22,800 kmais 
+ 16,000 to — 16,000 753,600 63,800 14,100 
+ 16,000 to — 16,000 1,795,800 58,200 15,800 
+ 16,000 to — 16,000 947,200 58,200 - 14,500 Away from weld 
+ 16,000 to — 16,000 473,600 58,200 13,300 
Averages 22,300 14,400 


* Static test on coupon taken from same parent plate and reasonably close to portion from which the fatigue specimen was made. 


t & = 0.13. 


base material. Since structural designs would not be 
based on values greater than static yield point, these 
tests are not tabulated or discussed in this Report except 
in the Summary Table. Conclusion 4 in the Summary 
is tentative and is based on these tests of ‘‘basic’’ 
specimens. 

It might be inferred from a comparison of the minimum 
values in Tables 3 and 4 (6), that the fatigue strength of 
a butt weld can be increased from 10 to 15% by grinding 
the reinforcement flush. It should be noted, however, 
that if a butt weld contains internal flaws, as those of 
the Basic Series did not, its fatigue strength may not be 
so increased, and in fact may actually be decreased. 

A more compact summary of the “basic’’ fatigue 
strengths from the preceding Tables 1 to 4 is given in 
Table 5. 


There are some other features of the ‘‘basic’’ series 
which are considered in detail in Bulletin No. 327 above 
referred to, but which will be only summarized herein. 
These are as follows: 


1. Correlation of Radiograph Rating to Fatigue 
Strength Rating in the several groups. No usable re- 
lationship was discovered; on average over a large 
number of specimens the better radiograph ratings 
showed the better fatigue strength ratings by a neg- 
ligible percentage of difference. (Bulletin No. 327, pp. 
25-29.) 

2. Correlation of Weld-Contour Smoothness Rating 
with Fatigue Strength Rating. There is a little evidence 


that it may be possible to distinguish between an un- 
usually good and a definitely bad type of reinforcement 
as welded, but any more refined rating would seem to 
be uncertain. (Bulletin No. 327, p. 31.) 

3. The stress-raising characteristics of the 9-in. ra- 
dius edge fillets on all specimens (see Fig. 1) frequently 
caused failure to occur at one of these fillets. This 
occurred on 10 out of 13 unwelded basic specimens, on 
17 out of 34 welded basic specimens with reinforcement 
off and on 3 of the commercially fabricated specimen 
with reinforcement on. It appeared, however, that this 
did not greatly reduce the fatigue strengths reported 
for these specimens. (Bulletin No. 327, p. 29.) 

4. The scattering of test results on welded specimens 
is not greater than for unwelded parent material, in this 
type of test. (Bulletin No. 327, p. 31.) 

5. Eccentricity in the machine was of negligible in- 
fluence. (Bulletin No. 327, pp. 31-33.) 

6. Fatigue tests that were not continued to failure 
had very little effect upon the ductility or ultimate 
strength of the material, as determined by subsequent 
static tests; but they increased the yield point in those 
instances for which the maximum stress in the fatigue 
test exceeded the original yield point of the material. 
(Bulletin No. 327, p. 33.) 

7. Metallurgical studies were made throughout the 
investigation, but they revealed nothing not generally 
known about the hardening effects in and near the fusion 
zone, and provided no correlation of microstructures with 
fatigue strength. (Bulletin No. 327, pp. 35-38.) 
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Table 5—Summary of ‘‘Basic Fabrication’’ Test Specimens 


In this table strengths are expressed in thousands of pounds per square inch, thus 62.6 = 62,600 psi 


— 
Plain Plates——— But t-Welded Plates 
2 - Details in Table Number ~ 
1 (a) 1 (b) 2 (a) 2 (b) 3 tia 4 (E 
Reinforce- Reinforce Reinforce 
ment ment ment 
Mill Planed Planed Ground Reinforce Reinforce 
Scale Mill Flush, Flush, Not Flush, Not ment On, ment On, 
Planed Scale Stress Stress Stress Stress Not Stress 
Off On Relieved Relieved Relieved Relieved Relieved 
Siatic Strength of welded specimens 
; of same form as fatigue speci 
mens: 
Ay (2) 63.3 (1) 62.9 (1) 61.0 (1) 58.7 1) 60.1 
62.6 62.9 61.0 58.7 60.1 
Fatigue Strength 
Zero-to-tension 
100,000 cycles: 
Av (2) 59.4+ (3) 49.8 (4) 48.3 4) 47.4 (5) 44.5 3) 31.0 4) 33.1 
Min. 58.3 48.7 14.9 43.5 71 9.3 32.0 
2 000,000 cycles: 
Av (2) 35.4-— (4) 31.6+ (3) 28.1— 4) 28.62 (2) 26.3 5) 23.7 3) 22.5 
Min 35.2- 27.7 26.9 — 26.2 25.8 20.3 22.1 
Full Reversal 
100,000 cycles: 
Av ; (4) 27.1 (7) 24.5 6) 28.8 3) 26.8 4) 20.5 3) 22.3 
Min ; 25.2 21.2 26.6 25.3 18.4 21.4 
2,000,000 cycles: 
Av. (4) 17.7 (3) 16.1— 2) 17 4) 15.32 14.4 
7 15.0— 17.5 13.0— 13.3 


Min. 16 


The fatigue strengths recorded in the last column above, for specimens with reinforcement on and not stress relieved, are used hereinafter 


in this Report as the basis of comparison for specimens welded under ‘‘commercial”’ as distinguished from the foregoing “‘basic’’ 
Figures in parentheses denote number of individual tests averaged 


Il. Commercial Program-—Flat Position 


The Committee next decided that the fatigue strengths 
obtained from the “‘basic fabrication’’ program should 
not be recommended as a basis for fixing design unit 
stresses, unless and until confirmed by tests on similar 
specimens made under only such severity of specifica- 
tion as is prescribed in good commercial practice of 
structural welding. 

The portion of the program selected for commercial 
duplication was only that of butt welds with reinforce- 
ment on, not stress relieved, it being felt that in the 
structural field that is the type of construction most 
frequently employed and most economically interesting. 

A contract drawing was therefore prepared which 
called for a plate 78 in x 7/s in. x 20 ft. Oin. to be divided 
into 30 portions approximately 12 in. x 4 ft. 0 in., leaving 
two interior strips for standard 1'/: x ‘/s-in. coupons. 

Fifteen of the 30 portions were cut in half and butt 
welded in flat position, machined to the throat and other 
dimensions of Fig. 1 and scheduled for testing in fatigue 
as follows: 

3 in full reversal, approximately 100,000 cycles 
3 in full reversal, approximately 2,000,000 cycles 
3 zero-to-tension, approximately 100,000 cycles 
3 zero-to-tension, approximately 2,000,000 cycles 
3 spares to use as the findings might suggest 


The other 15 portions were left intact and held in re- 
serve for such testing as might later seem expedient. 

The purchase Specifications stated: 

“Material, Design and Workmanship shall conform 
to the 1938 Edition of Specifications for Welded High- 
way and Railway Bridges, AMERICAN WELDING SOCIETY, 
ot which Articles 104, 218 (with grooves symmetrical, 
or nearly so, about the center line of the plate); 609 and 
611 and Section 10 are directly applicable. All welding 
shall be done manually in the flat position.’’ Of these 
references: 
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conditions 


Article 104 called for steel for bridges, A.S.T.M. A7- 
39, with the additional stipulation, carbon not to exceed 
0.25% nor manganese 1.00% by check analysis. 

Article 218 required beveling of faces, recommended 
beveling from both faces symmetrically or nearly so,* 
and called for gradual and symmetrical reinforcement 
contours. 

Article 609 required precautions in cold weather. 

Article 611 called for reinforcement not less than '/j¢ 
in. nor more than */,¢ in., for chipping out the first pass 
and back-welding, and for the use of extension bars. 
(The need for extension bars was in the present in- 
stance, however, obviated by the fact that the welded 
specimens were to be edge-machined from 12 in. gross 
width, to a 5 in. throat width.) 

Section 10 was practically a copy of the current A.W.S5. 
requirements for qualification of the procedure and of 
the operator. 

The drawing as above described was sent out for bids, 
to structural fabricators who were known to be welding 
under good commercial conditions and with properly 
qualified operators. Three contracts were awarded, 
each for the furnishing of a plate and for the edge- 
preparation, welding and cutting apart, but not for the 
machining; one contract each to 


Fabricator X, in the Chicago District 
Fabricator Y, in the Birmingham District 
Fabricator Z, in the Far South 


No inspection was provided except such laboratory 
observations as were made upon receipt at Urbana, where 
the machining of edges was performed, and the connect- 
ing bolt holes drilled. 

The results of the tests of this series of commercially 
butt-welded specimens are given in Tables 6 and 7. 
Table 6 gives the data on composition and coupon 


* The X and Z specimens were thus prepared 
pared with single-U groove 


the Y specimens were pre 
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test data. 


* Laboratory check tests. 


t Should be 33,000 min. under Spec. A7. 


strength of the three plates, and Table 7 gives the fatigue 
No static tests of welded specimens were made. 


The specimens from fabricators X and Y 


fatigue strength in full reversal over 78%, and: 


Table 6—Commercial Fabrication—Flat Position—First Series 


Table 7—Commercial Fabrication—Flat Position—First Series 


Type of 
Plate Analysis*— Coupon Tests of Plate—Static*- Filler Metal 
Fabricator S Mn P Ss Si TS. Y.P.t El. in 8 In Red. of Are (A.W.S. Class No 
x 0.25 0.49 0.01 0.03 0.001 59,000 30,700 30.3 53.6 6012 
s 4 0.24 0.47 0.02 0.03 0.03 62,300 29,500 28.8 52.4 6030 
Z 0.19 0.51 0.02 0.03 0.01 60,200 31,000 29.8 59.2 


HO10 


Showed 
in ZeTo. 


Series No. of Cycles, Pounds per Square Inch, Point of 
and N, Endured to Calculated Fatigue Strength, F,* at Failure if Not 
Electrode Stress, S, Psi. Failure n = 100,000 n = 2,000,000 at Weld 
x Zero-to-Tension 
6012 0 to +30,000 202,600 32,900 ah 
0 to +30,000 220,700 33,300 24,300 — 
0 to +30,000 591,200 35,900 + 25,600 
0 to +25,000 300,000 28,800 20,300 — 
0 to +25,000 488,300 229,900 + 20,800 
0 to +25,000 548,500 aaa 21,100 
0 to +25,000 1,060,800 ‘ 23,000 
Averages 32,700+ 22,200 — 
Full Reversal 
+20,000 to —20,000 120,500 f 20,500+ 2% Edge tangent point 
+20,000 to —20,000 165,700 21,400 016,200 — 
+20,000 to —20,000 361,600 23,600 16,200 — 
+16,000 to — 16,000 202,800 17,500 13,000 — 
+16,000 to —16,000 393,700 19,100 13,000 
+ 16,000 to — 16,000 400,600 19,200 13,000 
Averages 20,200 13,000 — 
Zero-to-Tension 
6030 0 to +30,000 132,500 31,100 
0 to +30,000 147,700 31,600 ae 
0 to +30,000 228,000 33,400 e 24,300 — 
0 to +27,500 217,700 30,400 022,300 — 
0 to +25,000 603,500 029,900+ 21,400 
0 to +25,000 631,700 sce 21,500 
0 to +25,000 678,300 age 21,700 
Averages 31,600 21,500 
Full Reversal 
+20,000 to —20,000 84,700 19,600 
+20,000 to —20,000 184,000 21,700 aun 
+20,000 to —20,000 329,900 23,400 e 16,200 — 
+16,000 to —16,000 213,400 17,700 13,000 — 
+16,000 to —16,000 737,500 019,200+ 14,100 
+16,000 to —16,000 833,500 Tins 14,300 
+16,900 to —16,000 1,254,200 its 15,100 
Averages 20,600 14,100 — 
Z Zero-to-Tension 
6010 0 to +30,000 112,800 30,500 
0 to +30,000 123,000 30,800 er 
0 to +30,000 134,500 31,200 - 24,300 — 
0 to +25,000 177,800 26,900 20,300 — 
0 to +25,000 179,700 27,000 20,300 — 
0 to +25,000 1,052,100 29,900 + 23,000 
0 to +25,000 2,726,200 29,900+ 25,000 + Edge tangent point 
Averages 29,500+ 22,200 + 
Full Reversal 
; +20,000 to —20,000 42,600 17,900 
+20,000 to —20,000 134,200 20,800 —- 
+ 20,000 to —20,000 192,700 21,800 16,200 — 
+ 16,000 to — 16,000 56,200 14,800 13,000 — 
+16,000 to — 16,000 244,200 18,000 13,000 — 
+16,000 to — 16,000 597,600 19,200 13,700 
+16,000 to —16,000 1,634,300 19,200+ 15,600 
Averages 18,800+ 13,800 — 
*k = 0.13. 
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t Failed away from weld at low number of cycles—omitted from average. 
} Failed away from weld at largest number of cycles in this group. 
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Table 8—Commercial Fabrication—Flat Position—Second Series 


Series No. of Cycles, Pounds per Square Inch, Point of 
= “and N, Endured to Calculated Fatigue Strength, F,* at Failure if Not 
Flectrode Stress, 5S, Psi. Failure n = 100,000 n = 2,000,000 at Weld 
XxX Zero-to-Tension 
R012 0 to +30,000 226,600 33,400 
‘al 0 to +30,000 246,700 33,700 
No 0 to +30,000 285,700 34,400 024,300 — 
0 to +25,000 984,400 029,900+ 22,800 
0 to +25,000 1,103,200 23,100 
0 to +25,000 1,154,900 23,300 
Averages 33,800 23,100 
Full Reversal 
+20,000 to —20,000 279,500 22.900 016,200 — 
+20,000 to —20,000 391,500 23,900 16,200 
~ +20,000 to —20,000 402,700 24,000 16,200 
+19,100 to —19,100 429,100 22,900+ 15,600 
+16,000 to — 16,000 263,000 18,100 13,000 — 
+16,000 to — 16,000 336,800 18,700 13,000 — 
+-16,000 to — 16,000 545,500 019,200+ 13,500 
Averages 21,800+ 14,600 — 
P Zero-to-Tension 
6010 0 to +30,000 209,500 33,000 
0 to +30,000 277,800 34,300 
0 to +30,000 324,700 35,000 024,300 — 
0 to +25,000 391,800 29,900 20,200 
0 to +25,000 507,800 029,900 + 20,900 
0 to +25,000 986, LOO 22, 800 
Averages 33,100 21,300 
Full Reversal 
+20,000 to —20,000 42,300 17,900 
+20,000 to —20,000 67,200 19,000 
+20,000 to —20,000 78,200 19,400 
+16,000 to —16,000 118,000 16,300 
+ 16,000 to — 16,000 197,000 17,500 
+16,000 to —16,000 305,100 18,500 213,000 — 
Averages 18,100 
mR Zero-to-Tension 
6030 0 to +30,000 181,200 32,400 - 
0 to +30,000 359,400 35,400 024,300 — 
0 to +30,000 485,500 35,900 + 25,000 
0 to +25,000 105,700 25,200 20,300 — 
0 to +25,000 1,300,800 °29,900+ 23,600 
0 to +25,000 1,405,100 23,900 
0 to +25,000 1,471,000 24,000 
Averages 32,200+ 23,500 — 
Full Reversal 
+20,000 to —20,000 83,900 19,500 Sad 
+20,000 to —20,000 148,600 21,100 e 16,200 — 
+20,000 to —20,000 434,700 23,900+ 16,400 
+ 16,000 to — 16,000 83,400 15,600 13,000 — 
+16,000 to — 16,000 85,600 15,700 13,000 — 
+16,000 to —16,000 148,200 16,800 13,000 — 
+ 16,000 to — 16,000 935,900 19,200 + 14,500+ Edge tangent point 
Averages 18,800 + 14,000 — 
to-tension over 87%, of the “basic” average values of fication for the XX, P and R specimens duplicated ex- 
lable 4 (6). Those from fabricator Z, however, fell as actly the X, Y and Z specimens. 
low as 67% and 81% on the same basis. This latter Identity of material in these three groups was as- 
was disconcerting; the broken Z specimens showed, sured by the procuring by the Committee of plates from 
however, a distinctly bad condition of porosity and lack a single heat, from which a sufficient portion was shipped 
of fusion. Some of the X specimens looked nearly as_ to each of the three fabricators. The mill test reports 
bad, though they held up in testing better than their on this plate showed: 
appe: > ale > > ‘ 
appe trance after breaking would lead one to expect. Cheniesl Anctres Physical Properties 
the Committee felt that it had been in error in not pro- C Mn P S TS YP. FEL.8In. Bend 
viding outside inspection for all the welding, and de- 0.25 0.54 0.01 0.03 62.600 38200 26.5% OK. 
cided to duplicate this program with such inspec- 
tion. A number of check tests were made at the laboratory 
Fabricator X accordingly made a new set of specimens, from drillings and coupons taken at intervals over the 
under the designation XX: fabricator Z made a new set plate. These verified the foregoing quite well as to 
under the designation P; and a‘new fabricator made a composition and ultimate strength, but averaged 5000 
m third new set, under the designation R. psi. lower on yield point. 
ry In all respects except inspection, the design and speci- In Table 8 are given the observed data, and the fa- 
iY 
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Zero-to-Tension—— 


tigue strengths calculated therefrom, for this second series 
of commercially butt-welded specimens. 

By comparison of Tables 7 and 8 it can be seen that 
fabricator X (XX), in making the new XX series, only 
slightly improved his minimum values and that Fabrica- 
tor Z in making the new P ser-es made even less im- 
provement. 

The conclusion may be drawn from this second com- 
mercial series, that while the added outside inspection 
may have improved the workmanship in some instances, 
it did not greatly affect the average, nor always increase 
the minimum, fatigue strength. 

The results of the tests, given in detail in Tables 7 and 
8, are summarized in Table 9. This table shows the 
average values for each group of identical tests and 
alongside thereof the minimum value for any individual 
test of the corresponding group. There are two lines 
for each series; the upper line contains values of the 
fatigue strength in pounds per square inch, and the lower 
line contains the ratio of the average or the minimum 
value, as the case may be, to the average value for the 
corresponding group of the ‘‘basic’’ series. 

The steel used in the work thus far reported was, it 
will have been noted, near the lower limit of accept- 
ability under the material specification (60,000 min. 
tensile), and the same is true of the static tests of welds. 
This fact does not indicate that stronger material 
would show higher fatigue strengths, in view of the more 
vital influence of geometrical form; it at least shows that 
values of fatigue strength herein reported have not been 
‘influenced upward by employing material of high static 
strength. 


ill. Commercial Program-—-Position Welding—Shop 


The specimens for the “‘basic,’’ X, Y, Z, XX, P and R 
series having all been welded in the flat position, the 
next step taken by the Committee was to test speimens 
which had been welded in various positions and with 
various electrodes, as indicated in Table 10. 

The plates were furnished by the Committee, from 
the same heat as the plates for the XX, P and R series, 
and had the physical properties recorded on page 197-s. 
The specimens were made in accordance with Fig. 1, by 
commercial fabricators, and the welding was done by 
qualified operators working under the supervision of an 
inspector from an inspection bureau employed by Com- 
mittee F. In each instance, the welding operator had 
had experience with the electrode that he used in welding 
the specimens. The details of the welding procedure 
for each of the various series are recorded in Bulletin 
No. 344 of the Eng. Exp. Sta., Univ. of Illinois. The 
workmanship was specified to conform to the A.W.S 
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Table 9—Summary of Commercial Tests from Tables 7 and 8 


n = 100,000 n = 2,000,000 nm = 100,000 n = 2,000.00 
Series Ay Min. Av. Min. Av. Min. Av. Mi 
Basic 33.100 32.000 22,500 22,100 22,300 21,400 14,400 13,30 
1.00 ) O7 1.00 0.98 1.00 0.96 1.00 0 99 
4 32 TOO 28,800 22,200 = 20,300 — 20,200 17,500 13,000 — 1) 
0.994 0.87 0.99 + 0.90— 0.91 0.78 0.90— ) 9) ~ 
\ 31.600 30,400 21,500 21,400 20,600 17,700 14,100 — \ 
0.95 0.92 0.96 0.95 0.92 0.79 0.98 — on 
/ 29,5004 26,900 22,200 + 20,300 — 18,800+ 14,800 13,800 — ny 
) 0.81 0.99 + 0.90— 0.84+ 0.66 0.96 — 
4 3,800 33,400 23, L00 22,800 21,800 18,100 14,600 — 
1.02 1.01 1.03 1.01 0.98 0.81 1.01— 19 
100 29,900 21,300 20,200 18, 100 16,300 
0.90 0.95 0.90 0.81 0.73 
R 32 200-4 25,200 23,200 — 20,300 — 18,800 + 15,600 14,000 — 13,00 
O74 0.76 1.03— 0.90— 0.84+ 
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Table 10—Position of Welding and Classification of Elec. 


trodes. Commercial Butt Welds in Carbon-Stee| 
Plates 
Electrode 
Classification Type of 
Series No.* Groove Welding Position 
A E6010 Symmetrical Welded in the flat posi 
B E6012 double-V tion from one side and 
Cc E6013 in the overhead posi- 
tion from the other sid 
D E6010 Symmetrical Welded in vertical posi- 
E E6012 double-V tion from both sides 
F E6013 
E6030 for flat U-side welded in flat po 
position sition and the other 
G E6010 for over- (Single-U side in the overhead 
head position position 
S E6010 Symmetrical Welded in the flat posi 
x E6020 double-V tion from one side 
U E6030 then turned over and 


welded in the flat posi 
tion from the other sid 


* A.W.S. Specification for Iron and Steel Are Welding Ele 
trodes, A.S.T.M. Designation A233-42T. 


Specifications for Welded Highway and Railway Bridges. 

Some specimens of each series were tested in full re 
versal, others on a cycle in which the stress varied from 
zero to tension. All specimens were tested in the as 
welded condition. 

The results of the individual tests are given in Tables 
11 to 14, inclusive, each table embracing the test results 
for one of the four categories of Table 10. 

The results of the tests, given in detail in Tables |! 
to 14, inclusive, are summarized in Table 15. The 
arrangement of this table is as previously described for 
Table 9. 

Discussion of these results follows Part V of this Re- 
port. 


IV. Commercial Program-—Position Welding—Field 


All of the specimens used in the tests previously de- 
scribed having been welded in the shop, the Committee 
added two sets of specimens welded in the field. The 
dimensions of the field-welded specimens were the same 
as those welded in the shop (see Fig. 1), and the plates 
were furnished by Committee F and were from the same 
heat as the plates for the shop-welded specimens XX, 
P and R, also A to U, just described. See page 197-s for 
properties. 

Fourteen specimens were welded by each of two con- 
tractors. The two series were designated as M and N. 
The plates_for all specimens were held in a vertical plane 
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Table 11—Commercial Fabrication—Shop Welding—Flat One Side, O.H. Other Side 


Pounds per Square Inch, Point of 


2S 
peo ; N, Endured to Calculated Fatigue Strength, F,* at Failure if Not 
Electrode Stress, S, Psi. Failure n = 100,000 n = 2,000,000 at Weld 
A Zero-to-Tension 
6010 0 to +30,000 254,600 33,900 024,300 — 
0 to +30,000 447,800 35,900-+ 24°700 
0 to +30,000 521,200 35,900+ 25,200 
0 to +25,000 278,400 28,600 20,300 — 
0 to +25,000 399,300 29,900 20.300 
0 to +25,000 558,400 29,900 + 21,200 
0 to +20,000 451,300 o23,900+ 16,500 
0 ta +20,000 499,700 023,900+ 16,700 
0 to +20,000 852,000 e23,900+ 17,900 
Averages 32,400+ 20,300 
B Zero-to-Tension 
6012 0 to +30,000 275,700 34,200 e 24,300 — 
0 to +30,000 401,100 35,900+ 24,400 
0 to +30,000 438,300 35,900 + 24,600 
0 to +25,000 362,300 29,600 20,300 — 
0 to +25,000 372,100 29,700 20,300 — 
0 to +25,000 441,000 29,900 + 20,500 
0 to +20,000 1,611,200 ae 19,400 
0 to +20,000 2,739,100 20,000 + 
0 to +20,000 4,543,600 20,000 + 
Averages 32,500+ 21,200 + 
Zero-to-Tension 
6013 0 to +30,000 266,600 34,100 o 24,300 - 
(a. c.) 0 to +30,000 331,000 35,100 24,300 — 
0 to +30,000 468,500 35,900+ 24,800 
0 to +25,000 576,600 229,900 + 21,300 
0 to +25,000 781,000 22,100 
0 to +25,000 1,051,500 23,000 
0 to +20,000 954,800 18,200 
0 to +20,000 1,530,700 19,300 
0 to +20,000 1,882,400 19,800 


when the welds were made. Specimens MV-1 to MV-7 
and NV-1 to NV-7 were welded as vertical seams; 
specimens MH-1 to MH-7 and NH-1 to NH-7 were 
welded as horizontal seams. It was specified that the 
welds were to be made by a qualified welder and were 
to comply with the A.W.S. Specifications for Welded 
Highway and Ratlway Bridges, 1941, but no inspector 
other than a regular employee of the contractor was pro- 
vided. Each contractor was allowed to select the elec- 
trode and to use his own welding procedure. 

The details of the welding procedure for each of the 
two series are recorded in Bulletin No. 344 of the Eng. 
Expt. Sta., Univ. of Illinois. In the case of the M series, 
seven operators participated, each welding one vertical 
and one horizontal seam. in the case of the N series, 
six operators participated, one welding two vertical and 
two horizontal seams and the others one each. 

Some specimens of each series were tested on a cycle 
in which the stress varied from zero to tension, others on a 
cycle in which the stress varied from tension to an equal 
compression. All specimens were tested in the as- 
welded condition. 

The results of the individual tests are given in Tables 
16 (A) (vertical welding) and 16 (B) (horizontal weld- 
ing), and these are summarized in Table 17. 

The values given in Table 17 indicate that the speci- 
mens welded in the field by fabricator M were fully as 
strong as similar commercial butt welds welded in the 
shop by various fabricators. This statement applies to 
both the horizontal and the vertical seams. 

The specimens of the N series had a very low fatigue 
Strength as indicated by the average and minimum 
values given in Table 16. This was true for both the 
horizontal and vertical seams. 

Examination of the recorded procedure (Univ. of 


Averages 
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35,000+ 21,200 


Illinois Eng. Exp. Sta. Bulletin No. 344) for Series N 
reveals that it did not comply with the specifications, in 
that the welds were made principally in numbers of 
passes below the specified minimum. The breaking of 
these specimens revealed that they were not fused at the 
root, nor was the weld metal sound. It is interesting 
to note that the two specimens made with the greatest 
number of passes, were the most comparable in endur- 
ance to their counterparts in the M series, all of which 
were made in strict accordance with the specifications. 

The Coimmittee believes that its findings in this Report 
should not be rendered overconservative by the inclusion 
of low strengths recorded for specimens not made in 
accordance with good practice and the specified proce 
dure. The N series is therefore excluded from consid 
eration in the drawing of conclusions. 


V. Commercial Program Automatic Welding 


The final phase of the carbon-steel butt-weld program 
of Committee F comprised Series K, the automatic 
Carbon-Arc, and Series L, the automatic Unionmelt, 
process. 

The dimensions of these specimens, as of all the preced- 
ing, conformed to Fig. 1. The plates were furnished by 
Committee F and were from the same heat as the plates 
in all the other commercial series except X, Y and Z. 
The properties are recorded on page 17-s. 

The types of groove and procedure were chosen by the 
respective process equipment manufacturers, to accord 
with frequent commercial application in the ‘/s-in. 
thickness, and the welding was done at these manufac- 
turers’ respective shops. Details of the procedures 
are given in Bulletin No. 344, Univ. of Ill. Eng. Exp. 
Sta. 
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Series 
and 
Electrode 
D 
6010 


E 
6012 


melt). 


Stress, S, Psi. 
Zero-to-Tension 
0 to +25,000 
0 to +25,000 
0 to +25,000 
0 to +20,000 
0 to +20,000 
0 to +20,000 


Full Reversal 
+16,000 to —16,000 
+16,000 to — 16,000 
+16,000 to — 16,000 


Zero-to-Tension 
0 to +30,000 
0 to +30,000 
0 to +30,000 
0 to +25,000 
0 to +25,000 
0 to +25,000 
0 to +20,000 
0 to +20,000 
0 to +20,000 


Zero-to-Tension 
0 to +25,000 
0 to +25,000 
0 to +25,000 


Full Reversal 
+ 20,000 to —20,000 
+20,000 to —20,000 
+20,000 to —20,000 
+16,000 to — 16,000 
+16,000 to — 16,000 
+16,000 to —16,000 


¢ computed for a k value of 0.13. 


No. of Cycles, Pounds per Square Inch, Point of 
N, Endured to Calculated Fatigue Strength, F,* at Failure if Not 
Failure n = 100,000 n = 2,000,000 at Weld 
164,700 26,700 
198,100 27,300 es 
353.000 29,500 220,300 — 
1,365,900 19,000 
1,669,400 19,500 
1,691,200 19,600 _ 
Averages 27,800 19,400 
80,700 15,600 
155,800 16,900 ad 
246,000 18,000 «13,000 — 
Averages 16,800 
83,000 29,300 
83,400 29,300 
136,700 31,200 rrr 
334,800 29,300 e20,300 — 
364,000 29,600 220,300 — 
475,500 29,900+ 20,700 
724,800 17,500 
910,600 18,100 
1,265,700 18,800 
Averages 29,800 + 18,800 
525,600 29,900-+ 21,000 
550,100 29,900+ 21,100 
802,200 29,900 + 22,200 
Averages 29,900 + 21,400 
160,100 21,300 
161,500 21,300 
197,300 21,900 016,200 — 
504,400 19,200+ 13,400 
603,500 ae 13,700 
616,300 13,700 
Averages 21,500 13,600 


All specimens were tested in the as-welded condition, 
except that, because the abrupt rise of the reinforcement 
on the carbon-are (K) series was suspected of being ad- 
. verse to high fatigue strength it was ground off some- 
es what on five specimens of that series. 

The results of the individual tests are given in Tables 
18 (Series K, Carbon-Arc) and 19 (Series L, Union- 


A summary of the results of Tables 18 and 19 is given 
in Table 20, the value of “fatigue strength” being again 


Series 
and 
Electrode 
G 
6030 
Flat 
6010 
O.H. 


Stress, S, Psi. 
Zero-to-Tension 
0 to +25,000 
0 to +25,000 
0 to +25,000 


Full Reversal 
+20,000 to —20,000 
+20,000 to —20,000 
+20,000 to —20,000 
+ 16,000 to — 16,000 
+ 16,000 to — 16,000 
+ 16,000 to — 16,000 


Table 13—Commercial Fabrication—Shop Welding—Single-U Groove U-Side Welded in Flat, Other in O.H., Position 


It is seen from tables 18, 19, and 20, that for the 
L or Unionmelt series, the average and the minimum 
values of fatigue strength were fairly high and in good 
accord with results secured by manual processes. The 
K or Carbon-Are series showed lower fatigue strength, 
due probably to an abrupt change in section at the edge 
of the reinforcement. Five specimens for which thi 
reinforcement bulge was given a smooth transition by 
grinding, showed fatigue strengths considerably higher 
than those which were not so treated, and which alone 
are reported in the summary of Table 20. 


No. of Cycles, Pounds per Square Inch, Point of 
N, Endured to Calculated Fatigue Strength, F,* at Failure if Not 
Failure n = 100,000 n = 2,000,000 at Weld 
120,200 25,600 20,300 — 
277,200 28,500 20,300 — 
659,600 29,900 + 21,600 
Averages 28,000+ 20,700 — 
68,000 19,000 
119,200 20,500 re 
132,200 20,700 16,200 — 
345,300 18,800 13,000 — 
727,100 19,200+ 14,000 
1,006,000 19,200+- 14,600 
Averages 19,600+ 13,900 — 
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Table 12—Commercial Fabrication—Shop Welding—Vertical Position Both Sides an - 
g 
6013 
it (a. c.) 
k = 0.13. * 
As 
by gri 
metal 
in Ta 
by in 
up sti 
Series 
Basic 
G 
*k = 0.13. 
200-s = 


and 
Electrode 


6020 


6030 


*k = 0.13. 


in Table 3. 


Stress, S, Psi. 
Zero-to-Tension 
0 to +25,000 
0 to +25,000 
0 to +25,000 


Full Reversal 
+20,000 to —20,000 
+20,000 to — 20,000 
+20,000 to —20,000 
+ 16,000 to — 16,000 
+ 16,000 to — 16,000 
+16,000 to — 16,000 


Zero-to-Tension 
0 to +25,000 
0 to +25,000 
0 to +25,000 


Full Reversal 
+ 20,000 to —20,000 
+20,000 to —20,000 
+20,000 to —20,000 
+ 16,000 to —16,000 
+16,000 to — 16,000 
+16,000 to — 16,000 


Zero-to-Tension 
0 to +25,000 
0 to +25,000 
0 to +25,000 
0 to +20,000 
0 to +20,000 
0 to +20,000 


Full Reversal 
+ 16,000 to — 16,000 
+ 16,000 to — 16,000 
+ 16,000 to —16,000 


A similar increase in fatigue strength was obtained 
by grinding off the reinforcement of manually deposited 
metallic-are butt welds of the “‘basic’’ series, as reported 
A trend toward increase of fatigue strength 
by improvement of the reinforcement transition shows 
up strikingly in these and other tests. 


Table 15—Summary of Commercial Tests frorn Tables 


Fabrication—Shop Weldin 


No. of Cycles, 
N, Endured to 
Failure 


212,000 

443,100 

1,089,200 
Averages 


85,300 
225,900 
238,400 
613,000 
733,900 
805,800 
Averages 


394,800 

680,500 

1,055,600 
Averages 


152,700 
188,100 
305, 100 
360,700 
440,200 
1,059,400 


Averages 


161,800 
178,200 
244,700 
1,548,300 
4,354,400 
7,908, 100 


Averages 
452,000 


470,000 
955,200 


Averages 


g—Flat Position Both Sides. Co 


Pounds per Square Inch, 


= 100,000 


27.600 

29,900+ 
29,900+ 
29,100+ 


19,600 
22,200 
22,400 

19,200+ 


21,400 
29,900 

29,900 + 
29,900 + 
29,900 + 


21,100 
21,700 
23,100 
18,900 
19,200+ 


20,800 
26,600 
27,000 


28,100 
223,900 + 


27,200 


19,200 + 
19,200+ 
19,200+ 
19,200+ 


Calculated Fatigue Strength, F,* at 
= 2,000,000 


20,300 — 
20,600 
23,100 
21,300 — 


16,200 — 


13,700 
14,000 
14,200 
14,000 


20,200 
21,700 
23,000 
21,600 


16,200 
13,000 — 
13,100 
14,700 
13,600 — 


19,300 

20,000+ 
20,000 + 
19,800 + 


13,200 
13,300 
14,500 
13,700 


mparison of Electrodes 


Point of 
Failure if Not 
at Weld 


Did not fail 


Egige tangent point 


A few carbon-are butt welds tested prior to the re- 


near the top of Table 18. 


— 
1 n = 100,000 n = 2,000,000 
Series Av. Min. Av. Min. 
Basic 33,100 32,000 22,500 22,100 
1.00 0.97 1.00 0.98 
A 32,400+ 28,600 20,300 16,500 
0.98+ 0.87 0.90 0.73 
B 32,500+ 29,600 21,200 + 19,400 
0.98+- 0.89 0.94+ 0.86 
Cc - 85,000+ 34,100 21,200 18,200 
1.06+ 1.03 0.94 0.81 
D 27,800 26,700 19,400 19,000 
0.84 0.81 0.86 0.85 
E 29,800 + 29,300 18,800 17,500 
0.90+ 0.89 0.84 0.78 
F 29,900+ 29,900+ 21,400 21,000 
0.90+ 0.90+ 0.95 0.93 
G 28,000+ 25,600 20,700 — 20,300 — 
0.85+- 0.78 0.92— 0.90— 
5 29,100+ 27,600 21,300 — 20,300 — 
0.88+ 0.84 0.95— 0.90 — 
r 29,900 + 29,900 21,600 20,200 
0.90+ 0.90 0.96 0.90 
U 27,200 26,600 19,800 + 19,300 
0.82 0.80 0.88+ 0.86 


11, 12, 13, 14 


Full Reversal—— 


n = 100,000 
Av. Min. 
22,300 21,400 
1.00 0.96 
16,800 15,600 
0.75 0.70 
21,500 21,300 
0.97 0.96 
19,600+- 18,800 
0.88+ 0.84 
21,400 19,600 
0.96 0.388 
20,800 18,900 
0.93 0.85 
19,200 + 19,200+ 
0. 86+ 0.86+ 
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search herein reported, and recorded in Table 5, Bulle 
tin No. 310, Univ. of Illinois Eng. Exp. Sta., gave higher 
fatigue strengths than were obtained from the K spect- 
mens; these values have been inserted parenthetically 


n = 2,000,000 


Av. 


14,400 
1.00 


13,600 
0.94 
13,900 — 
14,000 
0.97 
13,600 
0.94— 
13,700 
0.95 


Min 


13,300 
0.92 


13,400) 
0.93 
13,000 
0.90 — 
13,700 
0.95 
13,000 
0.90 
13,200 
0.92 
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Table 16—Commercial Fabrication—Field Welding 
Series No. of Cycles, Pounds per Square Inch, Point of 
and N, Endured to Calculated Fatigue Strength, F,* at Failure if No 
“ Electrode Stress, S, Psi. Failure n = 100,000 n = 2,000,000 at Weld Series 
(A) Vertical Position 
4 MV Zero-to-Tension K 
gi 0 to +20,000 1,009,800 a 18,300 
0 to +20,000 1,161,000 re 18,600 
0 to +20,000 1,356,800 tele 19,000 
Averages 18,600 
Full Reversal 
+ 20,000 to —20,000 142,200 20,900 
+16,000 to —16,000 338,900 18,800 13,000 — 
+16,000 to —16,000 498,700 19,200+ 13,400 
+16,000 to — 16,000 1,209,500 15,000 
Averages 19,600 + 13,800 — 
3 NV Zero-to-Tension 
i 0 to +20,000 175,800 21,500 
v 0 to +20,000 215,100 22,100 
0 to +20,000 464,100 23,900 + 16,500 
Averages 22,500+ 
Full Reversal 
+ 16,000 to —16,000 28,000 13,600 
+ 16,000 to — 16,000 36,100 14,000 
i +16,000 to —16,000 59,500 15,000 
+ 16,000 to —16,000 133,000 16,600 
Averages 14,800 
(B) Horizontal Position 
MH Zero-to-Tension 
0 to +20,000 1,027,800 18,300 
0 to +20,000 1,064,800 18,400 
0 to +20,000 1,317,600 18,900 
Averages 18,500 
f Full Reversal : 
+ 20,000 to —20,000 148,600 21,100 216,200 — k = 
+ 16,000 to — 16,000 238,800 17,900 13,000 — t The: 
fe +16,000 to —16,000 401,900 19,200 13,000 
+ 16,000 to — 16,000 405,800 19,300 13,000 
Averages 19,400 13,000 — 
NH Zero-to-Tension age” fr 
0 to +20,000 238,700 22,100 e 16,200 — weragt 
0 to +20,000 802,600 17,800 
0 to +20,000 1,159,500 18,600 gory 
Averages ie 17,500 — va ue. 
Full R 
eversa 
+ 16,000 to — 16,000 93,400 15,900 the 
+ 16,000 to — 16,000 113,000 16,300 of min 
+16,000 to —16,000 165,300 17,100 
+ 16,000 to — 16,000 357,900 18,900 
Averages 17,100 
*k = 0.13. 
VI. Comparison and Interpretation of Results decimal fraction of the corresponding fatigue strength Serie 


for “‘basic’’ specimens with reinforcement on and not 


As a guide toward the drawing of useful conclusions, _ stress relieved. X 
it is worth while to tabulate the calculated fatigue Such fractions, ‘average’ and “‘minimum,’’ are give! 
strengths of all the commercial specimens recorded in in the Summary Table near the opening of this Report 
the foregoing, in a single table and on the basis of a The “‘basic’”’ values are taken from Table 4 (b). “Aver 

Table 17—Summary of Field-Welded Specimens from Tables 16 (A) and 16 (B) 
Full 
n = 100,000 n = 2,000,000 n = 100,000 n = 2,000,000 
Series Av. Min. Av. Min. Av. Min. Av. Min 
Basic 33,100 32,000 22,500 22,100 22,300 21,400 14,400 13,300 
- 1.00 0.97 1.00 0.98 1.00 0.96 1.00 0.92 

MV ES ae 18,600 18,300 19,600+ 18,800 13,800 — 13,000 

0.83 0.81 0.88+ 0.84 0.96 — 0.90 
MH ne ae 18,500 18,300 19,400 17,900 13,000 — 13,000 

0.82 0.81 0.87 0.80 0.90 — 0.90 
NV 22,500 + 21,500 14,800 13,600 

0.68+ 0.65 0.66 0.61 
NH 17,500 — 16,200 — 17,100 15,900 

0.78— 0.72— 0.77 0.71 
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Table 18—Carbon-Arc Automatic Butt Welds 


of No. of Cycles, Pounds per Square Inch, Point of 
Not ; N, Endured to Calculated Fatigue Strength, F,* at Failure if Not 
ld Serie Stress, S, Psi. Failure n = 100,000 n = 2,000,000 at Weld 
(A) Specimens Tested in As-Welded Condition 
K Zero-to-Tension 
0 to +25,000 246,100 28,100 
0 to +25,000 257,200 28,300 220,300 — 
0 to +25,000 425,500 29 900 + 20,400 
0 to +20,000 574,600 023,900+ 17,000 
0 to +20,000 811,000 17,800 
0 to +20,000 1,228,400 18,800 
Averages 28,800+ 18,500 
(Nore: Three specimens with carbon-are welds, not stress relieved, reported in Table 5, 
Bulletin No. 310, Univ. of Illinois Eng. Exp. Sta., gave fatigue strengths as follows: ts 
0 to +30,000 220,000 33,200 24.300 — x 
0 to +27,000 448,000 32,300+ 22,200 > 
0 to +22,000 1,201,000 20,600) ‘ 
Full Reversal 
+ 20,000 to —20,000 59,700 18,700 
+20,000 to —20,000 107,900 20,200 os 
+20,000 to —20,000 108,200 20,200 1% 
+-16,000 to —16,000 141,400 16,700 
+16,000 to — 16,000 152,500 16,900 
+16,000 to —16,000 163,400 17,100 
+16,000 to —16,000 261,400 18,100 cae 
+-16,000 to —16,000 273,200 18,200 213,000 — 
Averages 18,300 
(B) Specimens with Reinforcement Smoothed by Grindingt - 
Full Reversal 
+20,000 to —20,000 124,300 20,600 eae 
+ 20,000 to —20,000 260,500 22,700 
+ 20,000 to —20,000 681,300 23,900+ 17,400 
+ 16,000 to — 16,000 626,700 19,200+ 13,800 
+ 16,000 to — 16,000 3,303,000 16,000 + Did not fail 
*k = 0.13 
t These values are not used in averages recorded hereinafter. 
age’ fractions for commercial specimens represent the  seriesis also given. This affords an indication of whether 
average fatigue strength of all specimens in one cate- the “scatter” in a given commercial series is comparable 
gory, divided by the corresponding average ‘“‘basic’’ to that in the ‘‘basic’’ series. 
value. “Minimum” fractions represent the least strength For convenience of reference there are also entered in * 
of any single specimen in the category, divided by the Summary Table, in descending order of magnitude, a 
the corresponding average ‘‘basic’” value. In the table the static strength and yield point of base material, static 
of minimums, the minimum single value in the ‘“‘basic’’ strength of a fatigue-type specimen and fatigue strength 
Table 19—Unionmelt Automatic Butt Welds 
No. of Cycles, Pounds per Square Inch, Point of 
N, Endured to Calculated Fatigue Strength, F,* at Failure if Not 
ngt Series Stress S, Psi. Failure n = 100,000 n = 2,000,000 at Weld ASS 
nk All Specimens Tested in As-Welded Condition eS 
L Zero-to-Tension 
— 0 to +25,000 563,000 29,900+ 21,2 re 
0 to +25,000 581,400 29,900 + 21,300 
0 to +25,000 1,330,800 29,900 + 23,700 
ver 0 to +20,000 1,305,300 18,900 
0 to +20,000 1,508,600 19,300 ; 
0 to +20,000 2,609,900 20,000 + Did not fail 
Averages 29,900 + 20,700+ 
Full Reversal 
+20,000 to —20,000 104,200 20,100 
+20,000 to —20,000 245,300 22,500 ea 
+20,000 to —20,000 261,300 22,700 e16,200 — 
+18,000 to —18,000 306,700 20,800 14,600 — 
+ 18,000 to —18,000 632,900 21,600+ 15,500 
+18,000 to —18,000 1,051,300 21,600+ 16,600 
+ 16,000 to — 16,000 214,100 17,700 13,000 — 
+16,000 to —16,000 359,900 18,900 13,000 — 
+ 16,000 to — 16,000 530,000 19,200+ 13,500 
+16,000 to —16,000 663,000 19,200+ 13,900 
+15,000 to —15,000 404,400 18,000 12,200 
+15,000 to —15,000 718,900 °18,000+ 13,100 _ 
Averages 20,200+ 13,900 — 
*k = 0.13. 
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Table 20—Summary of Commercial Automatic-Welded Tests from Tables 18 and 19 


- Zero-to-Tension— 
n = 100,000 


n = 2,000,000 = 


—————F ull Reversal——_—__ 


100,000 m= 2000000 

Series Av. Min. Av. Min. Av. Min. Av. Min 

Basic 33,100 32,000 22,500 22,100 22,300 21,400 14,400 13.300 

1.00 0.97 1.00 0.98 1.00 0.96 1.00 0 09 

K, Carbon-Arc 28,800+ 28,100 18,500 17,000 18,300 16,700 in 
0.87+ 0.85 0.82 0.76 0.82 0.75 

L, Unionmelt 29,900+ 29,900 + 20,700+ 18,900 20,200 + 17,700 13,900 — 2 

0.91+ 0.91+ 0.92+ 0.84 0.91+ 0.79 0.97 — ) gs 


in the cycle tension-to-tension half as great, which for 
the reason stated on page 193-s last paragraph was tested 
for the “‘basic’’ series only. 

It would be unwise to draw firm conclusions as to any 
one of the variables considered in this program, or a firm 
comparison between any two series, because the number 
of specimens in each series was small, the number tested 
on a particular cycle and in a particular stress range was 
smaller still and the results from any three specimens 
tested with all variables constant usually scattered to a 
much greater degree than in static testing. Considering 
for instance, Series P and E, Zero-to-Tension, 100,000 
cycles; in Series E the recorded minimum is only 0.01 
below the average, in Series P the minimum is 0.10 below 
the average. Had it been practicable in each case to 
test three or four times as many specimens, it seems 
reasonable to suppose that in Series E also an exceptional, 
minimum specimen would have turned up. And consid- 
ering now the same two series on the same cycle but for 
2 million cycles, both series are very consistent. It is 
unwise on the present evidence to be too sure that any 
one welding procedure is more consistent than another. 
And in any comparison that may be made hereinafter, 
this tenuity of basis therefor is to be kept in mind. 

The total program, however, is not small; and where 
the total spread of results is not greater than it is seen to 
be in the Summary Table, it seems reasonable to assume 
that over-all averages have some meaning and that the 
over-all minima are as low as a still larger program should 
be expected to produce. 


To an engineer or fabricator having free choice of pro- 
cedure, the comparisons in the “Summary Table’’ may 
be of more value than indicated in the preceding para- 
graphs, in that they may give him a lead as to what to 
prefer and what to avoid—subject to his own confirma- 
tion by further work. 


“‘Dependable”’ 


Zero-to-Tension, 100,000 cycles 27,000 
Zero-to-Tension, 2,000,000 cycles 18,000 
Full Reversal, 100,000 cycles 16,500 
Full Reversal, 2,000,000 cycles 11,000 


For general professional use, however, it is necessary 
for the Committee to derive from this table, values of 
fatigue strength which will be virtually certain, under 
given circumstances, to be equalled or exceeded. 

The evidence turned up in this program has made it 
clear that no usable values can be thus promulgated, that 
will cover the worst in workmanship that is being com- 
mercially produced. To be high enough for practical 
use, the values published must be conditioned on (1) the 
literal following of a complete specification for procedure 
and workmanship such as the A.W.S. Code for Arc and 
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Gas Welding in Building Construction or Speciji. 
Welded Highway and Railway Bridges and a con 
scientious effort by fabricator, operator and inspector 
to secure complete fusion, soundness of weld and smooth. 
ness of contour. On the other hand, it would be foolish 
on the evidence, for the Committee to assume that evey 
under sound specifications the fatigue strength of eo. 
mercial welds will approximate those of the “basic 

series. In this program welderies and welders who are 
experienced and practical have sent in specimens that 
were thoroughly unsound. 

There seems to be no sufficient reason to recommend 
lower values for field than for shop welding, Series My 
and MH (field) compare favorably with Series 1D and £ 
(vertical shop), although Series F (vertical, shop, a. ¢ 
is consistently better. 

Position welding does not appear to call for lower 
values than flat. Whether on the zero-to-tension cyck 
or in full reversal, some of the Z and R (flat) minima 
are as low as any in the A to U (position) series. 

In line with the foregoing it is felt that the following 
values, designated as ‘‘dependable,’’ are reasonabk 
values for Committee F to promulgate, believing that 
under the conditions stipulated they are almost certain 
to be the lowest values realized. 

Cycle Zero-to-Tension: 


(tion for 


100,000 cycles, basic average = 33,100, ‘‘dependable’’ = 0.8) = 
27,000 psi. 

2,000,000 cycles, basic average = 22,500, ‘dependable’ = 0.80 = 
18,000 psi. 

Cycle Tension-to-Equal Compression (Full Reversal): 

100,000 cycles, basic average = 22,300, ‘‘dependable”’ = 0.74 = 
16,500 psi. 

2,000,000 cycles, basic average = 14,400, ‘‘dependable” = 0).76= 


11,000 psi. 
These values compare with the highest average, the 
lowest average and the lowest minimum in the foregoing 
tables, as follows: 


Highest Lowest Lowest 
Average Average Minimum 
(C) 35,000 (U) 27,200 (R) 25,200 
(R) 23,200 (K) 18,500 (A) 16,500 
(MH) 
(XX) 21,800 (D) 16,800 (Z) 14,800 
(XX) 14,600 (MH) / 13,000 (L) 12,200 


The “dependable” value exceeds the “lowest minimum 
by 7, 9 and 11%, respectively, for the first three cate- 
gories, and is 10% less than the ‘“‘lowest minimum [or 
the last category. 

In Fig. 3 there are plotted, in accordance with the 
principles of Report No. 2 of Committee F, Part 1!, al! 
of the test-program points for failure at 100,000 cycles 
zero-to-tension on the vertical axis and full reversa! © 
the left 45° line; the ‘dependable’ values above * 
lected for 100,000 cycles; and the present Formula ‘No 
7 (Butt Welds in Tension or Compression) from Art. °! 
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of the A.W.S. Specifications for Welded Highway and ment in procedure but assuming also that the arrange- 
Railway Bridges, 1941. ment of parts is ideal as to symmetry, back-chipping, etc. 
" Similarly in Fig. 4 there are plotted the corresponding This line may be of interest to designers of some type of 
r 2,000,000 cycles, and the same Specification structure subject to repeated loads, but probably not to 


points 
Lin Formula designers of bridges. 
300 Comparison of the line for “dependable fatigue _ The many values of fatigue strength calculated herein fa! 
v2 strength on Figs. 3 or 4, with the line representing from the reported data are, as already explained, based og 
Formula No. 7, gives a reasonable idea of the factor of upon using the arbitrary exponent 0.13 in the S/N curve 2 
20 safety inherent in a butt weld subject to 100,000 or to formula. It will be found that the proposed ‘‘depend- sa 
85 900,000 cycles, respectively, such that the full unit able’’ values of 27,000 at 100,000 cycles and 18,000 at a 
stresses allowable by the formula are imposed. 2,000,000 cycles, also the “dependable” values of 16,500 Be: 
On these figures there are also drawn dashed lines at 100,000 cycles and 11,000 at 2,000,000 cycles, will fit he 
representing, respectively, the average and the lowest the same curve with an exponent of 0.1353. This is a f 
On Jor values on “‘basic’’ specimens. The gap between this close enough relationship considering the many assump- ee 
 & latter and the “dependable” line represents the addi- tions made and the desirability of keeping the controlling ms 
Pector tional fatigue strength that would be available if ‘‘basic’’ values in even figures. 
a welding were employed, assuming not only the improve- Accepting this relationship, intermediate and extra- i 
1Sh 
ever 
Legend: 
C §3300 
Fatigue Strength calculated from any single 
that test ona Commercial Specimen by use of a if 
M\ Same for case where number of cycles 
in test exceeded 40Q000; fatigue Tension to Tension as Great. 
a. ¢ é 
strength is calculated as for 400000 (Not Located to Scale) of 
sa cycles ond affected by + sign. Tested on Basic Series only. as 
--Dependable Fatigue Strength on Cycles 97 
Zero-to-Tension and Full Reversal 96 (38.94) 
abl a-Least Basic Value 
tain See Report No.2 for discussion of Ore __32000_ Yield Pointof Bote Moterio! 
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this form of diagram. _ 
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A.W.S. Spec. Zeooe 
Two-digit numbers represent 2 
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Fig. 3—Fatigue Strength, 100,000 Cycles ; 
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polated values of ‘‘dependable’’ fatigue strength have 
been calculated for the following numbers of cycles: 
50,000, 250,000, 500,000, 1,000,000, 4,000,000. Judging 
from the known shapes of many other S/N curves, the 
values at 4,000,000 cycles are probably overconservative. 
These computed fatigue strengths are plotted in Fig. 5, 
together with the values for 100,000 and 2,000,000. 
This figure affords an opportunity for a designer inter- 
ested in a number of cycles anywhere within that range to 
select “‘dependable’’ values of fatigue strength upon 
which to base his working allowances. 

A visual comparison of the relation between the many 
test results in this research and the recommended ‘‘de- 
pendable”’ values, is afforded by Figs. 6, 6 (A), 7 and 
7 (A) on the following pages. 

Each individual test is plotted with the maximum unit 
stress in the test cycle as ordinate, and the actual number 
of cycles to failure as abscissa. Figures 6 and 7 are 
plotted on natural scale, and the proposed ‘‘dependable’’ 
values lie on curves of the familiar Woehler type. Figures 
6 (A) and 7 (A) show the same data as Figs. 6 and 7, 


Legend: 

-= Fatigue Strength calculated from any single 
test ona Commercial’ Specimen by use of 
the equation F-=S 

+= Same for case where number of cycles 
in test was less than 400, 000; fatigue 
strength is calculated as for 400000 
cycles and offected by — sign. 

—=Dependoble’ Fatigue Strength on Cycles 
Zero-to-Tension ond Full Reversal 

Basic’ Value 


See Report No.2 for discussion of 
this form of diagram. 
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Fig. 5—Dependable Fatigue Strengths (Calculated), 
Various Number of Cycles 
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Fig. 4—Fatigue Strength, 2,000,000 Cycles 
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All Tests plotted here were on Cycle +20000 to ~20000. 
Similarly for other crowded points. 


4 
4 0 9000 = 1 | |} | 
=  g000 | 
5 Number of 9 Repetitions to Failure 
= 
Figure G. 
| 
« 25,000 RG UR Ag DER, EXPFAFAGHY 
Du L a 0 te 4 
24,000 4 
| 
U 22,000 t | | 
20,000 hh --}g-- M L ] 
_ 1,000 Cycle Zero-to-Tension | | 
—_ = — 
1G,000 
= i 
& Number of 8 Repetitions to Failure - N 
Fiqure 7. 
ro 
Each plotted letter represents toscale the S andN ofasingle Test in the Series of the 
same letter. a= otest from Basic series. 
Ss 
The S/N curves pictted are the recommended "Dependoble values of Figs.3,4,5 A: 
plotted on log-log scale, whereby Woehler curves are ‘/s in. thickness. It is not probable that the findings ie, 
transformed into straight lines with the slope k = with respect to “‘dependable”’ fatigue strength are closely x 
0.1353. limited to that thickness. As evidence there are sum- 
marized in this section the results of three other test 
programs on butt welds in carbon steel carried out at 
VII. Comparable Programs the University of Illinois prior to and concurrently 
with the program which forms the main subject of os 
A It will have been noted that all of the “‘basic’’ and this Report. Other confirmation is found in the few 4 
commercial” test specimens herein reported, were of reports of foreign experiments, summarized in Appendix I. 33 
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Figure GA | 


Each plotted letter represents to scale the Sand N ofa single test in the series of the some letter a= “Basic Series. 


10.000 


The S/N curves plotted (Straight lines on log-log scole) are the Yependable’ values of Figs. 34,5. 


a. 


1. From “Report No. 1 of Committee F, Effect of 
Periods of Rest on the Fatigue Strength of Welded 
Joints,” Jan. 1941, specimens '/, in. thick by 3 in. 
throat width: 


+ ———+— —— + 
4 
| 
| T— 22000 
— 21000 ~ 
rt ~z18,000 9 
Cycle -Zero-to-Tension | 
Fiqure 7A +— 16000 1 
‘ 
N 


liberately welded in a substandard manner to produce 
poor welds. 

The several categories are recorded in Table 21, with 
the test results, referred in the manner of the ‘Summary 


made 


Full Reversal——————_ 
n = 100,000 n = 2,000,000 n = 100,000 n = 2,000,000 
Av. Min. Av. Min. Av. Min. Av. Min. 
Calculated Fatigue Strength (3) 37.6 37.0 (6) 26.4 23.7 (3)20.1 19.7 (3) 15.4 14.9 
Ratio to Basic Average 1.14 1.12 1.17 1.06 0.90 0. 1.07 1.04 
Committee’s ‘‘Dependable’”’ 0.81 0.80 0.74 0.76 


2. Bulletin No. 310, Eng. Exp. Sta., Univ. of Il- 
linois, Jan. 1939. ‘Fatigue Tests of Butt Welds in 
Structural Steel Plates’ by W. M. Wilson and A. B. 
Wilder. 

Fifteen specimens of carbon steel */, in. thick by 5'/2 
to 6 in. wide at the throat, and otherwise generally simi- 
lar to Fig. 1, were welded with manual metal arc, and 6 
others with automatic carbon arc. The carbon steel 
showed the following properties: C 0.15, Mn 0.50, Si 
0.06, S 0.02, P 0.02, T.S. 54,500, Y.P. 30,960, El. in 8 in. 
34.2%, Red. 60.6%. 

In the manual welding, the specimens were welded in 
groups of 3 differing in technique, one group being de- 
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Table” to the average of the “basic’’ series with rein- 
forcement on, not stress relieved. Tests were made 
only on the zero-to-tension cycle. 

The fatigue strengths shown by this prior program were 
superior to the general showing of the Committee F pro- 
gram. 

3. U.S. Navy Tests on Medium Steel. 

At the request of the Bureau of Ships, which furnished 
the specimens, nine butt-welded specimens of medium 
steel were tested in comparison with nine riveted speci- 
mens. The welded specimens had a throat of 6°/; x |): 
in. Of the welded specimens, two were subjected to 
static tests and seven to fatigue tests. The results were 
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= 2|—Comparative Record of Fatigue Tests on Carbon 


Strengths for Zero-to-Tension, 2,000,000 Cycles only 


ee Were Computed in Bulletin No. 310 on the Assumption 
that k = 0.10) 
Variables % 

Basic’ Series, Reinforcement On, Not Stress Relieved, 

Average 22,500 psi. 1.00 
carbon arc, as-welded 

“AV 1.01 

Min 0.93 
\utomatic carbon are, stress relieved 

Av 1.15 

Min 1.06 
\Manual metal arc, each bead peened, as-welded 

Avy. 0.99 

Min 0.92 
Manual metal arc, purposely poor welds, as-welded 

Av. 0.92 

Min 0.82 
Manual metal arc, not peened, stress relieved 

Av 1.03 

Min 0.96 
Manual metal arc, not peened, as-welded 

Av 0.97 

Min. 0.91 
Manual metal arc, not peened, not stress relieved, reinforce- 

ment planed off 

Av.* 

Min.* 

Dependable” value proposed in Section VI of this Report, 

18,000 psi. 0.80 


* Should more properly be compared with Table 2 ‘‘Basic’’ 
Series, Reinforcement Planed off, on which basis the comparison is 
average, 0.98; minimum, 0.95. 


The base material showed the following properties: 
C 0.20, Mn 0.42, Si 0.23, P 0.015, S 0.027, T.S. 62,700, 
Y.P. 38,200, El. in 8 in. 30.9%, Red. 57.2%. 

The static tests of welded specimens developed the 
full strength of the base material. The fatigue results 
of welded specimens only are summarized in Table 22. 


Table 22—Comparative Record of Fatigue Tests on Medium 
Steel Joints 6*/,x'/,In. U.S. Navy 


Tests in Tension-to-Equal Compression (Full Reversal) Only 


. Calculated Fatigue Strength 
Variables 100,000 cycles, 2,000,000 cycles 
‘Basic’ series, reinforcements 

on, not stress relieved 


Av. 22,300 14,400 
1.00 1.00 
Navy series 
Av. (of 3) 0.89 (of 4) 1.06 
Min. (of 3) 0.85 (of 4) 0.99 
Dependable” value proposed in 16,500 11,000 
Section VI of this Report 0.74 0.76 
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IX. Conclusions 


|. Butt welds in ‘/s-in. carbon steel plate, of the 
quality of A.S.T.M. Specification A7, welded in shop 
under fairly ideal conditions of flat position, skilled 
operators, smooth contours, single-U grooves, back- 
chipped, back-welded and revealing virtually no por- 
osity under X-ray, developed, in the as-welded condi- 
tion, fatigue strengths equal to or greater than: 


= 100,000 — 32,000 psi. 
= 2,000,000 — 22,100 psi 
= 100,000 — 21,400 psi 


= 2,000,000 — 13,300 psi 


IN 
Cycle zero-to-tension 

Complete reversal 


2. For butt welds in ‘/s-in. carbon steel plate of the 
quality of A.S.T.M. Specification A7, with carbon not 
over 0.25°, nor manganese over 0.70, commercially 
butt-welded in accordance with the A.W.S. Specifications 


for Welded Highway and Railway Bridges, and in com- 


pliance with all the specification requirements for in- 
spection of operators and for workmanship, whether 
welded in shop or field, and in any position, there may 
be anticipated, in the as-welded condition, ‘‘dependable’”’ 
fatigue strengths as follows: 


N 100,000 — 27,000 psi 

Cycle zero-to-tension N = 2.000.000 — 18,000 psi 

. ‘N = 100,000 — 16,500 psi 

Complete reversal) yy = 2,000,000 — 11/000 psi 


3. Comparable ‘dependable’ 


may be obtained from Fig. 5 of this Report. 


4. For butt welds as described under either (1) or 
(2) above, it may reasonably be expected, from the few 
tests made in the “‘basic’’ series, that the fatigue strength 
for the cycle, max. tension to '/, max. tension, for 2,000,- 
000 cycles, will exceed the static yield point of the base 


material. 


5. For butt welds showing surface defects such as 
undercutting and marked abruptness of reinforcement 
contour, and for butt welds lacking in completeness of 
fusion, the fatigue strength may be expected to be less 
than stated in (2) above and cannot be dependably pre- 
For butt welds not complying in procedure 
and workmanship with the specification stated in (2) 
above, and not equal to the better or best commercial 
welds in fusion and homogeneity, no dependable pre- 
diction can be made as to endurance under repeated 
No such butt weld should be permitted in a 


dicted. 


loading. 
bridge or other intermittently loaded structure. 


6. Fatigue tests that were not continued to failure 
had very little effect upon the ductility or ultimate 
strength of the material, as determined by subsequent 
Static tests; but they increased the yield point in those 
instances for which the maximum stress in the fatigue 


test exceeded the original yield point of the material. 


The several series of experiments described in the fore- 
going, and upon which the above conclusions are based, 
are summarized in the Summary Table, page 190-s of this 


Report. 


Appendix I 


Summary of Comparable Data from Foreign Sources 


The following is a summary of comparable data from 
foreign sources which have come to the attention of the 


Committee. 
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fatigue strengths for 
other numbers of cycles, between 50,000 and 4,000,000, 


. 


0.009 
4,000 
2000 
000 
000 
00 
00 
00 
100 i 
00 
00 
8 
L 
00 0 
00 0 
4 
in- 
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1. German 


From Schaechterle, ‘Fatigue Strength of Riveted and 
Welded Joints,’’ Publications of the International Asso- 
ciation for Bridge and Structural Engineering, Vol. II, 
1933-34, and Schaper, Z. VDI., May 27, 1933. 


Fatigue Strength, Zero-to-Tension, 2,000,000 Cycles 


Flat steel bars with mill scale (T.S. = 
Flat steel bars with mill scale and a 


Flat steel bars with mill scale and a 

butt weld.. to 23,000 
Butt welds with poor fusion or with 

sharp reinforcement, as low aS............0.0-- 14,000 


2. British 
From Haigh and Robertson, “Fatigue in Structural 


Steel Plates with Riveted or Welded Joints,” Inst. of 
Naval Architects, London, 1939. 


(a) Butt joints in °/s-in. plate, full reversal, about 
4,000,000 cycles, +11,000 to —11,000 psi. 

(6) Butt joints in °/s-in., boiler plate and boiler work- 
manship, automatic welding, machined or 
ground flush, +24,000 to — 24,000. 

(c) Reliable values for ordinary structural welds, 
0 to +22,000, +12,000 to — 12,000, or + 13,000 

o — 13,000. 


Appendix II 


Fatigue Strength of Tee-Butt Welds 


Upon conclusion of the test programs recorded in the 
body of this Report, a relatively small number of tests 
were made upon specimens of “‘tee-butt’’ joints, or 
joints in which the main plates are edge-prepared for 
butt welding against opposite faces of an interposed 
transverse plate. This joint has been frequently used 
in turning main members through an angle, as in passing 
around the corners of a welded frame. 

In usual construction the interposed plate has been 
rolled in a direction at right angles to the line of applica- 
tion of stress in a frame, and questions may be raised 
(1) as to the strength of such plates, if sound, normal 
to the plane of their rolling, and (2) as to the danger of 
this strength being reduced or eliminated by laminations 
arising from the steel-making process. 

The tests herein reported give assurance as to the first 
of these questions only. The second could be answered 
only by a large statistical survey covering all types of 
plates delivered under all conditions and all specifications 
for structural use. 


The specimens were divided into three Series, H, I 
and J. The specimens of the H series had a tee-butt 


duce grog at approximately 100,000 cycles. 


"pe 
mens 7 to 9 were static test specimens. The tee-h : 
plates ‘of specimens 1 to 3 were machined fro) 7 
plates and were so placed that the plane of r.: ling of 4 


plate was perpendicular to the line of stress. These), 
plates were polished and etched to detect laminas. 
but none were found. Tee-butt plates for specimens, 
9 were cut from 2-in. plates and were so placed “wip 
line of stress was parallel to the plane of rolling 

[It isinteresting, in connection with the fracti: 
tabulated, to note in SUPPLEMENT to the Journay of 4, 
AMERICAN WELDING Society, February 1942, page e 
the following conclusion drawn from some «ha ‘ilar ¢ teste 
made at the Royal Naval College, Greenwich 

“For this type of joint the limiting fatigue stress 

approaches within 80% of the f fatigue ‘Seen of Lloyd's 
Class I, X-rayed, welded butt joints. 

The tensile specimens broke in the main plates, at 
distance from the welds. 


MS aby Ve 


42H 421 42J 
Fig- 8—Details of Tee-Butt Welds 


Having so few specimens of a category, the fatigue 
tests were conducted only on the cycle 0 to +25, 
psi. All specimens broke at a number of cycles reason 
ably justifying the calculation of fatigue strength at 


Table 23—Summary of Commercial Tee-Butt Weld Tests 


Zero-to- Tension 


n = 100,000 
weld with normal reinforcement, while those of the I Series Av. Min 
Series had a reinforcement that was '/; in. thicker than _ Basic series - 3a 

rmal on each side of the weld. The specimens o ; . : ad 
J series were 1 entica with those of the | S€TIES, ut ha plate rolling transverse 0.89 0). 8 
an additional '/,-in. fillet weld at the junction of the 42H-4, 5, 6. Normal reinforcement; butt 28,000 27,10 
butt plate and the reinforcement. The plates for these plate rolling parallel 0.85 U.S 
specimens were from the same heat as the plates for the 3. Reinforcement incr. 1/sin.; butt 27,600 
ime f Series XX to U. The details of th ; plate rolling transverse 0.83 0.5. 
specimens or peries 1e ae ‘al e speci- 421-4, 5, 6. Reinforcement incr. in.; butt 27,300 25,80 
mens and the weld contours are shown in Fig. 8 and the plate rolling parallel 0.83 0.78 
welding procedure is given in Fig. 9. 42J-1,2,3. Normal reinforcement plus '/,-in. 27,100 25,90 
Th 2 Of cach ouch fillet welds; butt plate rolling transverse 0.82 0.18 

, CACH SETICS. suc 42J-4,5,6. Normal reinforcement plus '/,-in. 27,700 26,30 
nine, Specimens 1 to 6 were tested in fatigue on a cycle fillet welds; butt plate rolling parallel 0.84 0.79 
in which the stress varied from zero to tension to pro- oo a ee a 
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Fig. 9—Welding Procedure for Tee-Butt Welds 


100,000 cycles from the equation used in the body of this 
Report. ‘Individual test results are given in Bulletin 
No. 344, of the Eng. Exp. Sta., Univ. of Illinois. The 
test results are summarized in Table 23. 

There was no separation of the butt plate in any case; 
two specimens failed at least partially in the weld metal, 
nd all others at the junction of the weld metal with 
either the butt plate or a main plate. The results in 
terms of calculated fatigue strength were gratifyingly 
consistent with one another and permit the following 
conclusions to be drawn with some confidence: 

|. For the most usual type of tee-butt joint, viz., 
with welds only moderately reinforced and with the di- 
section of rolling of the interposed butt plate perpen- 


COMMUNICATION TO THE EDITOR 
March 1, 1943 


Dear Mr. Spraragen: 


In reply to your inquiry of Jan. 22, 
1943, I am sending you the following 
report. I have developed an electrolysis 
process for the etch analysis of steel and 
steel welding. The electrolyte consists 


The negative chlorine ion will be at- 
tracted to the positive electrode where it 
will be relieved of its excess electron and 
be liberated. The high values of current are used the 
chlorine gas, being in a nascent state, 
will react vigorously revealing the mac- 
rostructure of the metal. 
a weld etch the portion of the metal that air. 
has been molten during the welding pro- 
cess will be clearly defined. 


chlorine will 


dicular to the line of stress of the joint, the average cal- 
culated fatigue strength was somewhat greater than that 
for some of the commercially welded, flat position, plain 
butt welds. Also the minimum calculated fatigue 
strength for such tee-butt joints was greater than some 
of the minima for commercially welded, flat position, 
plain butt welds. 


2. Additional reinforcement of the welds above a 
normal amount decreased rather than increased the fa- 
tigue strength of the tee-butt welds. 

3. Tee-butt joints of the usual type may be consid- 
ered to possess the same fatigue strength as ordinary 
butt joints, subject to proper assurance against lamina- 
tions in the interposed butt plate. 


portional to the amount of current 
quicker results were obtained at the 
higher current values. However when 


chlorine is released more rapidly than the 
reaction takes place and consequently a 
In the case of large amount escapes uselessly into the 

Table salt (NaCl) may be substituted 
for the hydrochloric acid but is not as 


BPs: HCl acid to one gallon of water. The time necessary for proper etching effective since NaCl does not ionize to 
The negative electrode from a source is approximately 1 min. compared to the the extent that HCl acid does. Also the 

of d. c. is placed in the electrolyte. Alu- hot 50-50 hydrochloric acid solution sodium released at the negative terminal 


minum has been found satisfactory for 
this electrode since iron is more readily 


which requires 15 to 45 min 
Currents and voltages over a_ wide 


combines with the water to form sodium 


hydroxide (NaOH) which will attack the 


corroded by the acid solution. The metal 
to be etched is connected to the positive 
terminal of the source of current and the 


surface to be examined is placed in the 
solution. 


1943 


range may be used. A d.-c. arc welder 
set at about 30 v. and currents from 10 
to 300 amp. were used in the original 
experiments. Since the amount of chlor 
ine gas liberated per unit of time is pro 
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Oxyacetylene Pressure 
Welding 


By C. F. Keel 


N oxyacetylene pressure welding the ends of the two 

pieces of metal to be welded are heated with the 

oxyacetylene torch to welding heat and are then 
pressed together. For three reasons the welding torch 
is particularly suitable for this process: 


1. The high temperature of the oxyacetylene flame 
makes it possible to heat the parts very rapidly; 
‘/e to 5 min. is required for bars 0.2 to 4 in. 
diameter. 

2. The reducing gases in the oxyacetylene flame, 
hydrogen and carbon monoxide, clean the sur- 
faces of the metal and introduce no impurities. 

4. The size of the flame can be adjusted within wide 
limits to weld a variety of cross sections. 


The equipment for oxyacetylene pressure welding 
consists of a press to hold the parts, and torches of cor- 
rect size. The press must hold the parts accurately in 
contact. After reaching the welding heat (about 1400° 
C.), the ends are pressed together by an axial force, 
Fig. 1. The jaws of the press must fit the section to be 
welded, Fig. 2, such as round and rectangular steel bars, 
pipes, concrete reinforcing bars, plates and railway rails. 


Fig. 1—Schematic Diagram of Oxyacetylene Pressure Welding 


The jaws should permit long lengths to be pushed through 
them, should clamp on the sides of the bar or section and 
should unclamp readily. The pressure is 140 to 210 psi., 
and may be exerted by a screw, levers, toggle, hydraulic 
piston or combinations of these. For simple sections the 
ordinary welding torch may be used, while for larger 
sections two-tip torches, Fig. 3, or ring burners are used. 
The two-tip torches also are used for special sections such 
as rails. 

Pressure welding is suited specially for the following: 
round, flat or rectangular bars, pipe and flange work, 
Fig. 4, tools, structural sections, such as angles, I-beams, 
T-beams, rails, drills, for example, 0.72 C, 0.34 Mn, 
0.15 Si, cast-iron bars, steel tires, T-joints between flat 


* Extended abstract of two articles by Professor C. F. Keel of Basel, Switzer- 
land, published in Journal de la Soudure, 32: 60-67 (March 1942), and 185~-187 
(July 1942). Abstracted by G. E. Claussen, Reid Avery Co 
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bars, and steels of different hardness. Inve tigations 
extend the process to special steels are called fo, 
For best results the joint should be made . 


ither Yara 
lel or at right angles to the direction of rol| “~ 


Ing in bot} 


Fig. 2—Clamping Arrangements for Different Types of Joint 


pieces. Very unsatisfactory joints result from welding 
a piece with the surface to be welded parallel to its direc 
tion of rolling to another piece with the surface to 
welded perpendicular to the direction of rolling. Mil 
scale should be removed before welding. 

Oxyacetylene pressure welding is characterized by 
short welding times and the use of relatively larg 
torches for a few minutes. Time and gas consumptior 
are shown in Table 1, the values being partly drawn from 
experience and partly estimated. Filler metal is not 
used. 

The proper temperature at which to apply the welding 
pressure ordinarily is judged by the operator. Optical 
pyrometers also can be used. The torch should be moved 
1 or 1'/, in. back and forth over the area to be welded 
and plays on the weld while welding pressure is applied 
If there are any defects in the joint, they nearly always 
are found at the surface. Polishing and etching of th 
surface is a good means of inspection. The upset at the 
joint may be removed, if necessary, by filing, machining 
grinding, or forging. The structure of the weld resembles 
an are or gas weld. The coarse Widmanstatten struc 
ture at the joint can be refined by reheating 2 or 3 min 
to cherry red (900° C.). 


Fig. 3—Double-Tip Torches for Heating the Surfaces to Be 
Oxyacetylene Pressure Welded 
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Table 1—Welding Time and Gas Consumption 


Weld- Size of Consumption 

ing Torch, (Cu. Ft.) of 

Time,* Cu. Acety- Oxy- 

Sections to Be Welded Min. Ft./Hr. lene gen 


wo bars each 0.39 in. diameter 1 21 0.35 0.42 
two bars each 0.79 in diameter 2 26 0.88 1.05 
rwo bars each 1.18 in. diameter 3 35 1.75 2.1 
wo bars each 1.57 in. diameter 4 53 3.5 4.2 

wo bars each 2.0 in. diameter 5 63 5.3 6.3 
Railway rails, 7.8-sq. in. croas 

section 8 105 
Railway rails, (head only) 4.7- 

sq. in. cross section 105 8.4 
two pipes 1. 18in. O.D. 2 21 70 0.84 
Two pipes 2.U in. O.D. 4 26 1.75 2.1 


* Does not include time to clamp and unclamp the parts, nor the 
time to file the weld 


The upset length increases from '/s to */, in. as the 
ross section increases from 0.04 to 16 sq. in. 

A number of tests have been made on oxyacetylene 
pressure welded joints. Two lengths of */;-in. gas pipe 
0.134 in. wall) were oxyacetylene pressure welded. 
Under internal pressure the lap weld of the gas pipe 
failed; the pressure weld remained intact; the tangential 
stress at failure was 35,000 psi. The microstructure re- 
vealed that welding was complete. No non-metallic in- 
clusions were found at the joint. The small notch on 
the inside of the pipe at the weld is not indicative of in- 
complete welding but is ascribed to non-uniform wall 
thickness in the two pieces of pipe. The structure con- 


sisted of small ferrite and pearlite grains showing that the 
joint had been torch normalized. 

Pulsating tension fatigue tests were made on pressure 
welds in bars 0.53 in. diameter. Fatigue fractures oc- 
curred 2.2 in. away from the weld. The fatigue strength 


Fig. 4— Machine for Oxyacetylene Pressure Welding of Pipes 
The Weld Has Just Been Made and Still Is Red Hot 


(zero to maximum tension) was 35,000 psi. In similar 
fatigue tests with pressure-welded bars 1.2 in. diameter 
the fatigue limit (zero to maximum tension) was 31,500 
psi, failures occurring at surface imperfections outside 
the joint. These fatigue values are higher than for the 
usual gas or arc weld, and are comparable with the fatigue 
strength of resistance-welded bars. 
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By Wilbur M. Wilson‘ and Joseph Marin‘ 


: EpiroriaL Note: The Weld Stress Committee is vitally concerned 
with the behavior of materials under multi-axial stresses. This report is 
reproduced to make tts knowledge available to welding engineers. 


Introduction 


1. Object of Tests —Large spherical 
shells fabricated of steel plates are used as 
vessels for storing gases under pressure. 
The walls of these vessels are subjected to 
a tension having the same intensity in all 
directions in a plane. The question has 
been raised in connection with the design 
of these vessels whether or not a plate sub- 
jected to stress in all directions can resist 
the same intensity of stress as a similar 
plate subjected to stress in one direction 
only. This is a question which has been 
discussed by many writers, and which has ” : 
been the “ss for a large amount of ex- (a) Vlemispteere Ne. SO-t (o)-Hemisphere No. 30-2 
perimentation. The tests reported in this 
bulletin simulate very closely the condi- 
tions of service in a large spherical storage ee 
vessel containing gas under pressure, and 
it is believed that the results are directly 
applicable to the design of such vessels. 

The specimen used in these tests was a 


Fic. 2. FinisHep Specimens 30-1 anp 30-2 


TABLE 1 


‘ ‘ stress : 
; . 4 PROPERTIES OF MATERIAL OF SPECIMENS 30-1 AND 30-2 piers 
thin hemispherical shell connected to a ee 0.0 
thick base by means of a short cylindrical l aa a pe 
section continuous with, and having the Chemical Analysis Physical Properties 
same radius as, the hemisphere. Tests l 7 
were made on shells of two materials, steel i Ultimate ’ 
fs ‘tural grade and lloy Carb | Yield Point Tensile | Elongatic: 
of structural grade and an aluminum alloy. arbon Manganese | phorus Sulphur |b. persq.in.| Strength | per cent F 
2. Acknowledgments.—These tests are a | tb. per sq. in 
. | | 
part of the research work of the Engineer- | ———— 
* Reprint of University of Illinois Engineering 0.220 | 0.380 | 0.010 | 0.034 } 36 900 57 600 oa 
Experiment Station, Bulletin 295, May 1937, — 
describing tests conducted by the University in ; 
cooperation with The Chicago Bridge and Iron he deg 
oO 1 > 
t+ Research Professor of Structural Engineering —— 
t Research Graduate Assistant in Civil Engi nivers 
neering. Now Professor of Mechanical Engi- TABLE 2 relative 
ee CoMPARISON OF THE VALUES OF THE TENSILE STRENGTH OF STEEL Deve.orr! elie 
HEMISPHERICAL SHELLS AND BY TENSION CONTROL SPECIMENS oles 
vision 
Hemisphere Control Specimen alumin 
‘ B. Me 
Criterion of | fet 
Failure | Stress * Stress _ vision | 
Specimen No. lb. ~~ in. Specimen No. Ib. ss in. | the di 
| vere ¢ 
ww ' and Ir 
¥ | Stress at which 30-1 | 29 600 1 26 300 1.12 
- - - -—— unit strain | 29 600 2 26 200 
\ equals 0.002 in. 29 600 3 27 000 S 
. tah per in. 29 600 4 26 500 
¥ | S. 30-2 26 200 | 1 23 600 1.08 3 
® ' = 26 100 2 25 000 specin 
i) ba 26 200 | 3 25 400 
26 100 4 23 000 were 
lime 
Ole os Failure 30-1 56 100 52 700 1.10 re 
é and p 
30-2 52 600 52 575 or repor 
— Bie 
Fig. 1. UnrinisHep Stee, Specimen * Computed from hydrostatic pressure and based upon diameter of sphere before it was loade® speci 
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90° Dotted circles indicate areas 90° TAICKIIOSSES 


tilinois, of WHETE SITQIIIS were 
gjrector, and of the Department of C0. Inches 
vil Engineering, of which Prof. W. C. 


ntington is the head. The steel speci- 

‘nc were contributed by the Lukens 

Co. and the aluminum specimens by 

Aluminum Co of America. Phe steel 

TEE were te sted by Joseph Marin, a re- & 
re yeh graduate assistant in Civil Engi- 

ring. A thesis containing a report of 

rose tests Was submitted by Mr. Marin in 

tial fulfillment of the requirements for 


Zin. on Surlace 
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(a)-Hermisphere No. 30-/ (b)-Hemisphere No. 30-2 


Fic. 4. THicKNess or SpeciMENSs 30-1 ANp 30-2 Berore Test 


them at a temperature of 1575° F. for 1 hr outer end of the cylindrical portion was 
and then allowing them to cool in the fur- threaded so as to screw into the thick base, 
nace. They were then machined to the as shown in Fig. 3. After the specimen 
dimensions shown in Fig. 2. It is to be had been machined, the thickness was 
noted that the spherical portion, which measured at regular intervals over the 
constitutes the specimen proper, was entire surface, and the results of the 
machined carefully both inside and out, measurements at the various points are 
and that the transition from the thin to the given in Fig. 4 
ric. 3. SpectmeN 30-1 Screwep Into thick portion was gradual so as to elimi- The apparatus for producing the internal 
Base Reapy To Be Trsrep nate any sharp reentrant angles. The pressure is shown in Fig. 5. The weighted 
plunger C served as an accumulator and 
: also as a check upon the hydraulic gage D 
' TABLE 3 , In making a test, enough weights were 
COMPARISON OF THE VALUES OF THE TENSILE STRENGTH OF ALUMINUM ALLOY placed upon C to produce the desired in 
DEVELOPED BY HEMISPHERICAL SHELLS AND BY 
TENSION CONTROL SPECIMENS tensity of pressure within the spherical 
; ~ shell. The plunger carrying the weights 
ite was rotated so as to eliminate friction as a 
Hemisphere Control Specimen source of error 
Criterion of R = A/B The strain in the shefi was measured by 
Failure Stress a Stress means of two optical strain gages, one 
Specimen No. Ib 0" te in. | Specimen No | Ib pre oe in. mounted at the top, and the other at one 
—— side at an angle of 45°, as shown in Fig. 5 
es 3 41 200 1 | 34 300 1.20 The strain gage consisted of a micrometer 
strain equals 41 400 2 34 400 microscope mounted in such a manner that 
it could be rotated about a central axis, 
and so that the line of sight was normal to 
— 4 41 500 I 35 000 1.19 the shell. There were targets on the shell, 

41 100 2 34 500 . 

41 300 3 35 400 one at each end of each gage line, located 
ngation 41 600 4 34 600 so that the microscope focused on the 
¥ cent Failure 3 50 180 Sage 46 640 1.10 targets when in diametrically opposite 
——_ ‘ 49 380 hae 48 200 1.02 positions. The sum of the increments of 
33 the microscope readings on the two targets 

he degree of master of science in Civil 

Engineering in the Graduate School of the 

University of Illinois, 1930. Information D 
—_— relative to these tests contained in this 


wulletin was taken from Mr. Marin’s 

hesis, which was written under the super- 

vision of Prof. Wilbur M. Wilson. The 

aluminum shells were tested by Frederic 

1/B B. Metterhausen, working under the super- 
vision of Prof. Wilson. The funds to meet C 
the direct expenses of the investigation 
vere contributed by the Chicago Bridge 


‘ and Iron Co. | : 


Strength of Hemispherical Shells To | | | 
*. Tests of Steel Shells —The two steel | 
specimens, designated as 30-1 and 30-2, A | | 
vere machined from shells spun to the | | | 
limensions shown in Fig. 1. The chemical || 
and physical properties of the material, as l I d | 


a reported from mill tests, are given in Table 
Preliminary to the tests, the unfinished 
specimens were stress relieved by holding Fic. 5. Apparatus ror TestiING HEMISPHERES 
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scope. The ends of these lines proved to 


“/ be highly satisfactory as targets 
Strain readings were taken with each 
\y strain gage on 4 gage lines spaced 45 


apart, as indicated in Fig.6. The stress in 
the steel was computed from the thickness 
of the shell and the hydrostatic pressure. 
The resulting stress-strain diagrams are 
given in Fig. 6. The similarity of the 
various diagrams apparently would indi- 
cate that the experimentation had been 
quite successful. The fact that the slope 
of the stress-strain diagrams exceeds 30,- 


leer 


270° 


Na F0- 


Arter 


\ < 000,000 psi. is due to the Poisson’s ratio 
effect. 
% The load upon the specimen was in- 
creased in successive increments, as indi- 
. “ cated by the points on the stress-strain 
t ~ diagram, until the limit of the strain gages 
S é had been reached. The instruments were 
» 4 then removed and the hydrostatic pressure 
270° Meridian 90°-270° 90° 270° Meridian 902270? was failure he 
isohere Na 30-1 (b)-Hemisopere Me appearance of specimen 30-1 after failure 
(a)-Hemisplier ) 30-2 is shown in Fig. 7. Specimen 30-2 de 
t ai > ] ‘ly r 
y § Fic. 9. Prorices or Specimens 30-1 anv 30-2 Arrer FaiLure veloped two points of failure widely r 
»§ & moved from each other, as indicated in the 
»< 
x 
a 
~ 
NSS $8 
% 
8 
Fic. 10. FinisHep SPECIMENS 3 AND 4 
indicated the strain on a gage line whose 
: length was the length of the arc of the shell 
: connecting the two targets. After trying 
pe various kinds of targets the following was 
. z used: That portion of the shell under 
observation was painted with golfball 
paint to provide a white elastic coating; 
. ink lines radiating from the axis of rotation Fic. 12. Sree. RrvG ror HoL_pInG ALUMINUM SPECIMEN IN PLANE 
y of the microscope were then drawn on this BASE 
. painted surface, terminating in the arc i 
’ described by the line of sight of the micro- < 
where strairs were in. long which developed near the top o Hy, 


preasurea, the specimen, allowed water to squirt out 


in considerable volume; the other, which 
was not detected until after the shell had 
been removed from the base, showed that 
necking had begun at a point near the 
junction with the cylindrical portion of the 
shell, as indicated by the short radial line 
in the figure. No leak occurred at this 
point of incipient failure but the leakage at 
the other point was so great that the rup- 
ture could not be enlarged enough to show 
in a photograph. The thickness of the 
shells after failure is given in Fig. 8 

The profiles of the specimens were de- 
termined after the tests had been com- 


DIAGRAMS FOR 


270° 


Srress Srrain 


6 


Zin. on Surface 


o° of Hen sphere o° pleted, and the profiles before and after & 
(a)-Hermisphere No. (0)-Hemisphere No. 4 testing are compared in Fig. 9 
As indicated in Fig. 2, the cylindrical oa 

Fic. 11. Tuickness or Specimens 3 anv 4 Beroxe Test portion of the shell was much thicker than : 
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Fic. 14. Prorites or SpectmMeNs 3 aNp 4 AFTER FAILURE 


Tests 180° Dotted circles indicate areas Thicknesses 
No. 23,44 where strains were in 
measured. lnches 


Of Her sphere 


of 


(a)-Hemisphere No. 2 (0)-Hem/sohere No.4 


Fic. 15. Tuickness or SPECIMENS 3 AND 4 Arter FAILURE 
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the spherical portion. Consequently the 
material in the cylindrical portion was not 

stressed to the elastic limit during the test 

Control specimens were cut from this low 

stressed material from which the yield 
point and ultimate strength of the ma 

terial under unilateral loading were deter 

mined. The yield point and _ ultimat 

strength of the shells and the control 
specimens are compared in Table 2 

These results apparently indicate that th 

steel of structural grade used in thiese tests 
will develop a somewhat greater yiel 

strength in a hemispherical shell, where i 

is subjected to the same unit stress in all 
directions in a plane, than in a standar 

tension specimen, where it is subjected toa 
stress in only one direction; and the ulti 

mate strength is as great in a hemispherical 
shell as in a standard tension control 
specimen, or possibly a little greater 

4. Tests of Aluminum Shells.—Two 
specimens were made of an aluminum alloy 
designated by the trade name 51S, one o! 
the stronger alloys of aluminum. Th 
shells were spun to approximately 
same dimensions as the steel shells, shov 
in Fig. 1, and machined to the nominal 
dimensions shown in Fig. 10. The exact 
thickness of the shells at various points 's 
given in Fig. 11. 

The aluminum specimens were loaded i" 
the same manner as the steel ones, but th 
threads holding the specimen in the bas 
would not resist the load to which the) 
were subjected. Four attempts wer 
made on the first of the aluminum shells, 
specimen No. 3, before it was tested to 
failure. The second aluminum shell, 
specimen No. 4, was held in the base by 
means of a steel ring bearing upon a shoul 
der on the cylindrical portion of the shell, 
as shown in Fig. 12. 

The appearance of specimens 3 and 4 
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Fic. 13. Specimens 3 AND 4 APTEeR FAILURE 
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ire is shown in Fig. 13, the change 
the profiles in Fig. 14 and the thickness 
£ the shells after failure in Fig. 15. 
Tensio! control specimens were cut 
cylindrical portion of the shells 
sts had been completed. The 
stress-strain diagrams are given in Fig. 16 
ontrol specimens, and in Fig. 17 
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The stress producing a unit strain of 
1004 and the ultimate strength, for the 
hells and the control specimens, are com- 
ved in Table 3. It would appear from 
e values in this table that the aluminum 
loy used in these tests developed a 
greater yield strength in a hemispherical 
hell, where it is subjected to the same 
mit stress in all directions in a plane, than 
1a standard tension specimen, where it is 


—+—+4+— 


~ 


= 


subjected to a stress in only one direction; 
ind that the ultimate strength is as great 
1 a hemispherical shell as in a standard 
tension control specimen, or possibly a 


Unit Straip in Inches per /nch 


> 


little greater. 

5. Comparison of Measured and Com- 
puted Strength—The unit strength of four 
hemispherical shells has been determined 
from the tests described in Sections 3 and 
{ and the values of R, the ratio of the 
strength developed by a material in the 
shell to the strength of the control speci- 
mens, is given in Tables 2 and 3. Al- 
though the tests were planned to get in- 
formation governing the design of a par- 
ticular structure, a spherical shell sub- 


jected to an internal pressure, and were not 48 
itly the planned to check the various theories of (@/-Speciimerr Noa. J, 


Tensile Uni? Stress ir Thousarids of lb 


Fic. 16. Srress—Strrain DiacramMs ror Controu SpeciMeNs, 
SPECIMENS 3 AND 4 
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was no failure, nevertheless it is of interest to com- 7 — 
he test pare the values of R determined from these 40 20004 inn fer i772. = —< a 


his low tests with the values of R computed from | va Vata aa | 
T 


e yield the various theories of failure. 
he ma In the following discussion the strength 
» deter of the material will be taken as the yield 
Itimate point or the yield strength. Under the 
contr condition of combined stress which exists 
ble 2 in the hemispherical shells an important 
hat the question is the mutual effect of stresses at 
S€ tests right angles to each other. Several 
yield theories of failure have been proposed in an 
here j attempt to explain the failure of materials 
in all subjected to combined stresses.*» t For 
andar ductile metals recent testst show that the 
ed toa shear-energy theory is in close agreement 
e ulti with test results. Other theories often 
herical used for design are the shear theory, the 
‘ontrol stress theory, the strain theory and the 
strain-energy theory. The results of the 
Tw tests that have been described will be com 
lloy pared with the results obtained on the 
one of bases of these five theories 
The lhe shear theory is based on the assump- 
y th tion that failure occurs when the shear 
show stress under biaxial loading equals the 
minal shear stress at failure in simple tension. 
exact According to this theory, if the two princi- 
nts 1s pal stresses are equal, the strength under 
biaxial loading is the same as the strength 
led it in simple tension; that is, R = 1. 
it the The stress theory is based on the assump- 
bast tion that failure occurs when the tensile 
they stress (compression is considered a nega- 
tension) under biaxial loading equals 
hells, the tensile stress at failure in simple ten- y 4 nai 
d to sion. According to this theory ems if the yi A / A Vi A A on = and 
shell, two principal stresses are equal, as for the V ee eee 
e by hemispherical shells, the strength under C _t ; ; 
- Unit Strain if laches per 
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biaxial loading is the same as the strength 
in simple tension, and R = 1. 

The strain theory is based on the assump- 
tion that failure occurs when the strain in 
the direction of the maximum principal 
stress reaches the value of the strain at 
failure in simple tension. Under this 
theory, if the two principal stresses are 
equal, the strength under biaxial loading 
equals the strength in simple tension 
divided by one minus Poisson’s ratio, 
which has values of approximately 0.28 for 
steel and 0.33 for aluminum. Using these 
values for Poisson’s ratio, the values of R 
would be 1.39 and 1.49 for steel and alumi- 
num, respectively. 

The shear-energy theory is based on the 
assumption that failure occurs when the 
energy due to shear distortion under com- 
bined stress equals the energy of shear 
distortion for simple tension. Under this 
theory, if the two principal stresses are 
equal, the strength under biaxial loading 
equals the strength in simple tension, and 
R = 1 for both steel and aluminum. 


The strain-energy theory is based on the 
assumption that failure occurs when the 
total internal strain energy absorbed 
equals the total strain energy absorbed at 
failure in simple tension. Under this 
theory, if the two principal stresses are 
equal, the strength under biaxial loading 
equals the strength in simple tension 
divided by V/2(1 — Poisson’s ratio). The 
values of R would be 0.83 and 0.86 for steel 
and aluminum, respectively. 

Values of the stress ratio R determined 
by the tests, for both the steel and alumi- 
num specimens, are given in the last 
column of Tables 2 and 3. These values 
are compared with the values obtained by 
the various theories in Table 4. 

As stated previously, these tests were 
not planned to check the various theories 
of failure and their value for this purpose is 
quite limited. A study of Table 4, how- 
ever, reveals the following facts relative 
to the results from this rather small num- 
ber of tests. 

The shear theory, the stress theory and 


the shear-energy theory, which give th 
same results for equal stresses in glj 4 
tions in a plane, give a str ngth “hay 
hemispherical shells that is a iti) 4. 
than the strength found by the toy. 


difference being 9.1% for the stee} guy 


and 16.3% for the aluminum <)el\, Th 
strain theory gives values for the ctrene 
of the shell that are too larg: being 607 


too large for the steel, and 24% too ,,. 
for the aluminum shells. 71} 
energy theory gives values for +} 


4 
strais 
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of the shells that are only aboy; thre 


fourths as great as the values given by s, 
tests. 


Conclusions 


6. Conclusions —If a thin sphericg 
shell of ductile material subjected ¢5 
internal pressure is designed on the } 


that the allowable unit stress jin +} 


he sh 
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equals the allowable unit stress jn ¢, 
same material when subjected to simp), 


tension, the design will be safx 
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Residual Stresses 


Statement of the Problem and Its Significance 


HERE is probably no single unsolved problem in 

the welding field approaching in importance the 

problem of thermal stresses, or residual stresses, 
as they are sometimes called. The problem has been 
with the welding industry since its very inception. A 
great deal of practical knowledge has been gained as to 
how to fabricate safe structures despite these residual 
stresses. However, a lack of fundamental knowledge as 
to the behavior of these stresses under various service 
conditions in different structures has caused serious 
trouble. The problem is of the greatest importance 
both in peacetime applications of welding, and in the 
war effort. 

Literally dozens of examples could be cited as to the 
difficulties encountered and failures resulting from this 
lack of fundamental information on residual stresses. A 
few diversified examples are selected because of their 
range of application. 

Heavy Wall Pressure Vessels and Boiler Drums 

In the early days before it was recognized that stress 
relieving through heat treatment was desirable to reduce 
residual stress in this type of construction, a fatigue test 
was run by a prominent manufacturer of a thick-wall 
pressure vessel made with shielded-are electrodes. ‘The 
vessel was some 2 in. thick and had not been stressed 
relieved. 

After the fatigue test had been run a while, it was 
thought desirable to see what would happen if the hy- 
draulic test pressure wasincreased. The vessel failed with 
a brittle type fracture at a stress very little in excess of 
the pressure used in the fatigue test. A similar vessel was 
then stress relieved and no premature failure resulted. 
Penstocks 


In the construction of Boulder Dam a section of the 


*Statement prepared by W. Spraragen, Executive Secretary, Welding 
Research Couacil, 2) W. 3)th St., New York, N. 


penstock, about 2 in. in thickness, was inadvertenth 
dropped a few feet while being carried to the stress 
relieving furnace. It failed with a brittle fracture. 
much more complicated section coming from the stress. 
relieving furnace was dropped and distorted very badly 
with no failure in the welds. 


Engine Frames 


It is reported that heavy Diesel engine frames {or 
marine work when stress relieved gave no trouble in ser 
ice, but one frame which was not stress relieved devel. 
oped a large number of cracks very soon after operation 


Ship Construction 

With the recent rapid fabrication of welding in ship 
construction quite a few failures have been reported 1 
important plates. The exact cause cannot be deter- 
mined, but in many cases residual stresses in combination 
with other circumstances have caused failure. 


Heavy Plate 


A butt weld made in a 2-in. plate for test purposes with 
improper welding procedure has resulted in a cracked 
weld, even though the plates were free to move and not 
restrained other than the restraint of the weld itself. 


Armor Plate 


It is extremely difficult, and in many cases impossible, 
to weld long seams in armor plate with ferritic electrodes 
without the use of preheating. Sometimes stress reliev- 
ing is required soon after welding to prevent cracks from 
occurring. The use of austenitic electrodes generally 
avoids these difficulties but even then sometimes cracks 
occur. Welds which are sound will often fail on a bal- 
listic test due to either the residual stresses set up by 
welding or the physical properties of the welded joint. 

The problem is seriously complicated. There is a lack 
of knowledge of the behavior of metals under multiaxia! 
stresses. This lack of knowledge includes even simple 
information on tensile properties, elongation, fatigue, 
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-npact, ductility of even the most common materials, at 
rdinary temperatures and at low and elevated tempera- 
‘ures. It is not known exactly what happens if material 
< restrained on one or two axes and stresses applied on 
the other axis. The exact nature of the thermal residual 
tresses is not fully understood, nor is their behavior ex- 
tly known under various service conditions and in 
‘ifferent types of structures. 


Work Under Way or Completed 


A great mass of information, some of a scientific nature, 
ind some of practical experience, exists on the subject. 
in ordinary static, fatigue and impact test specimens the 
effect of residual thermal stresses is not significant. 
Sufficient experimentation is available to indicate that 
enerally plastic flow takes place, peaks of residual 
stresses are quickly reduced to fairly small values, and the 
test results are then dependent on the test stresses. Ex- 
perience has indicated that in ordinary carbon steels the 
stress-relieving treatment at about 1200° F. held for a 
time equivalent to 1 hr. per in. of thickness will reduce 
the residual stresses to the yield point of the material at 
the stress-relieving temperature, which is usually around 
7000 psi. in this type of steel. Other types of low-alloy 
steels may require longer periods or higher temperatures, 
or both. The use of ductile filler metal materially forms 
a safeguard for most thin-walled structures up to 1 in. in 
thickness, because in most instances such structures are 
not restrained in such a way as to prevent some slight 
yielding, and thereby relieving a considerable portion of 
the residual stresses. A whole series of devices has been 
developed by the practical man to overcome difficulties 
in his particular application. Among these may be 
cited: 

(a) Wandering sequence of welding. 

(b) Step-back method. 

(c) The use of austenitic filler rods. 

(d) Peening. 

(e) Stressing the structures slightly above the yield 

point. 

(f) Avoidance of unusual conditions of restraint by 
proper sequence of welding. 

(g) Holding down the size and amount of welding to a 
minimum. 

(h) Welding joints that cause the most contraction 
first; depositing the greatest amount of weld 
metal in the shortest time. 

(i) Preheating from 200 to 500° F. 

(j) Development of designs which will avoid geo- 
metrical ‘‘stress raisers.”’ 

(k) “Block” or “‘cascade’’ methods of welding. 


Up to about two years ago, literally hundreds of thou- 
sands of dollars had been spent in experimentation on 
residual stresses, to determine the exact amount of the 
stresses and their distribution. All of this information 
has been helpful, but in general it may be stated that 
almost any weld in the as-welded condition, unless per- 
haps preheating is employed, or peening is utilized, will 
result in residual stresses adjacent to the weld equal to 
the yield point of the parent material, or the weld metal, 
which ever is the lowest. 

It is well known that under conditions of restraint ap- 
proaching a triaxial condition that the ultimate strength 
rises rapidly and gives way to condition where the 
“cohesive strength of the material” is the dominant fac- 
tor which even in mild steel may equal twice the ordinary 
ultimate strength. Unfortunately the yield point rises 
even more rapidly until under complete restraint it is 
theoretically equal to the ultimate. In thick plates it is 
entirely possible that local conditions may be such that 
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in spots the residual stresses may be even higher than 
the ordinary ultimate strength of the material and 
cracks may occur. The amount of work needed for 
rupture in a condition of triaxial restraint is exceedingly 
small in that the impact and fatigue strengths are ma- 
terially lowered. 

It has only been in the last couple of years that ex- 
perimenters have turned to a more fundamental approach 
of the problem. Here in the United States the most 
significant residual stress investigations are as follows: 

1. The use of the X-ray diffraction method in de- 
termining the residual stresses at the surface of a metal, 
and the behavior of such stresses under different types of 
load, tensile, compression, impact and fatigue. This 
work is under way under the direction of Dr. John T. 
Norton and Dr. D. Rosenthal at Massachusetts Institute 
of Technology. One report has been published in the 
February 1943 issue of the Welding Research Supplement. 
These preliminary tests indicate that if plastic flow can 
take place it does take place in such a way as to relieve 
the residual stresses. Experiments will be conducted on 
restraining conditions to such plastic flow, such as 
notches, irregularities, etc. 

2. The behavior of thin-walled tubing under biaxial 
tension and fatigue stresses where the tubing undergoes 
hydraulic internal pressure at the same time that it re- 
ceives a longitudinal tension stress. A machine has 
been built and is in operation. A few specimens have 
been broken. It is planned to build two additional ma- 
chines so that the work may be extended to different types 
of material, different ranges of stresses, etc. This work 
is under the supervision of Professor Griffis, of the Illinois 
Institute of Technology. A report was published in 
Nov. 1942 issue of the Supplement by Professor Marin. 

3. The testing of a biaxial stress system through the 
rotation of flywheels to destruction. , These flywheels 
are 24 in. in diameter and about 1'/, in. in thickness. 
The type of specimens permits ready calculation of super- 
imposed stresses. The apparatus is still under construc- 
tion, but much progress has been made. 


Personnel of Weld Stress Committee 


A very eminent Weld Stress Committee has been ap- 


pointed by the Welding Research Council comprising of 


experts from almost every branch of science involved. 
A list of the personnel is as follows: 


Everett Chapman, Chairman: President, Lukenweld, 
Inc., Coatesville, Pa. 
C. A. Adams, E. G. Budd Mfg. Co., Philadelphia, Pa. 


Rupen Eksergian, E. G. Budd Mfg. Co., Philadelphia, 


Pa. 


A. B. Kinzel, Chief Metallurgist, Union Carbide and 
Carbon Research Labs., 30 E. 42nd St., New York, 


C. W. MacGregor, Dept. of Applied Mechanics, 
Massachusetts Institute of Technology, Cambridge, 


Mass. 


Joseph Marin, Pennsylvania State College, State 


College, Pa. 


A. Nadai, Consulting Mechanical Engineer, Westing- 


house Electric & Mfg. Co., East Pittsburgh, Pa. 


John T. Norton, Dept. of Metallurgy, Massachusetts 


Institute of Technology, Cambridge, Mass. 


D. Rosenthal, Dept. of Metallurgy, Massachusetts 


Institute of Technology, Cambridge, Mass. 
M. F. Sayre, Dept. of Applied Mechanics, Union Col 
lege, Schenectady, N. Y. 


W. Spraragen, Secretary: Welding Research Council, 


29 W. 39th St., New York, N. Y. 
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What Remains to Be Done 


There are various types of breakdown of the problem 
which may be employed. One eminent member of the 
Weld Stress Committee has suggested a division of the 
problem in two parts: 


(a) Those which are concerned with the fundamental 
study of the properties of the materials them- 
selves under multiaxial stresses. 

(6) The behavior of residual stresses in various kinds 
of structures under various types of service. 


No attempt will be made in this report to present the 
program of research needed for the first part. The 
difficulties are readily appreciated when one tries to 
plan a specimen which can be tested under triaxial tension 
with the range of stresses in the three axes being equal. 
The first step will be a comprehensive review of the 
world’s literature on the subject. 

On this second problem a great deal has been done as 
has been indicated above. Assuming, for the time being, 
that if plastic flow can take place in the material residual 
stresses will not be dangerous, it is necessary to develop a 
program of investigation involving conditions where 
plastic flow will be prevented. This program will have 
to be sufficiently comprehensive to include a considerable 
range of materials, some with the weld metal of greater 
ultimate strength and higher yield point than the base 


Discussion Review of the Lit- 
erature on “Physics of the 
Arc and the Transfer of 

Metal in Arc Welding” 


By C. J. Holslagt 


E regret very much that the reviewers of 

the above subject did not include reference 

to my article entitled ‘“‘A.-C. Transformers 
for Arc Welding,” presented at the 36th Annual Con- 
vention of the American Institute of Electrical Engineers, 
White Sulphur Springs, W. Va., June 29-July 2, 1920. 

This paper gives complete extracts from American 
Electro-Chemical Society convention, Atlantic City, 
discussion of O. H. Eschholz's general paper on ‘‘The 
Phenomena of Are Welding,” by the author. I quote 
what I said at that time: 

“The question of how the metal passes from the elec- 
trode to the work has been undecided for the last twelve 
years, and it is further from solution now than, say, 
ten years ago, when all agreed that the magnetism 
carried or pushed the metal across; electrode holders 
were made with turns of wire, both series and shunt, 
in order to successfully do overhead welding. I re- 
member distinctly making a huge hollow coil to mag- 
netize a locomotive crown sheet so as to permit over- 
head weld. The only result obtained was the verifica- 
tion of the well-known magnetic blow-out action on 
the arc. I do not believe that the metal goes across in 


* Article by W. Spraragen and Bela A. Lengyel published in the January 
1943 issue Welding Research Supplement. 
t Electric Arc, Inc., Newark, N. J. 


metal, and others where the reverse is truc. Thy, - 
terials will have to be of different thickness, where 
yield point may be one-half the ultimate, and ajc, .* 
terials where the yield point is very nearly equal t, 
ultimate. Temperatures play a very impor! 
A great deal of the difficulties encountered j; 
have been at low temperatures, or sudde: 
temperatures. These sudden drops in temperatures m, 
aggravate the amount of residual stresses, or may cayse 
redistribution of the stresses, or may involve propertic 
of the materials at these temperatures which are differes 
than at somewhat higher temperatures.  Experimen. 
will have to be devised where the stresses are in the », 
ture of an impact blow, where the factor of time preven, 
plastic flow; again the conditions of restra‘nt may }, 
such that plastic flow cannot take place. The scientig, 
evaluation of some of the practical devices and ¢} 
limitations might also be a useful field of research 

When one thinks of residual stresses we always suppose 
a condition where the residual stresses are working jy 
opposition to the superimposed working stresses. This 
may not always be the case. In some instances it may 
be in the same direction, but of opposite signs, or thy 
same sign. It is well known that high rates of cooling of 
deposited metal not only cause metallurgical difficulties 
but also increase the stress gradients. These steep stres 
gradients coupled with undesirable metallurgical struc 
tures may cause difficulties. 
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globules when welding successfully. Globules do cros: 
the arc, however, when the arc is too long, when elec 
trode-current density is too high, when too many Btu. 
are liberated per minute, when the electrode meltin, 
point is much lower than the plate, and in some other 
more rare cases; but when a good, close arc is held, say 
with an automatic holding arrangement, there are n 
globules, large or small. It is certain that the tem 
perature of the filling electrode and the temperature o/ 
the work electrode are that of molten iron, and this 
molten iron disengages from the solid part of the filler 
rod to recombine with the solid part of the work electrode 

In my opinion it is certainly wrong to consider the 
drop and the current at either electrode separate from 
the arc stream. The problem could be put simpler 
by considering that there are so many watts, which 1s 
the total volts drop multiplied by the current through 
the arc, and which rate of heat energy determines th 
melting of both the electrode and the plate. [ agre 
with Mr. Eschholz that there are not enough total watts 
to completely gasify the amount of metal deposited so 
that the metal must go across either in particles, or as 
vapor, and as I personally have never been able to see th 
particles I believe it to be a vapor, which condenses on the 
work electrode. Mr. Eschholz has described the process 
of overhead welding perfectly. The action is simple 
One drop of water will hang to a ceiling; but when tw 
drops collect at one point, one falls. The process © 
overhead arc welding consists of moving along to 4 
colder place and having the first drop freeze beliné 
before the second drop falls. 

It is not so long ago that overhead welding was 00!) 
thought possible with direct-current electrode negatv' 
but welding with alternating current has somew!iat 
disrupted this as well as several other d.-c. pet theories 
One of these theories that has not disappeared entire!) 
as yet is that in direct-current welding with the elect rod: 
negative, 60% of the heat is in the work. To be sure 
with two equal electrodes, as in are lighting, suc! ' 
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but the simple fact has been overlooked that 


the case, 

eh th lectrodes of unequal size, say, a 2-in. carbon 
fectrode and a 1-in. carbon electrode, there is a greater 
eat in te 2-in. electrode, regardless of its polarity. 
‘a the case of are welding, the disparity in the size of 
Jectrodes is a thousand times more marked. The 
eneral case is the °/3:-in. electrode welding to a plate 
>; mass of metal many hundred times greater. In 
this case there is greater heat in the work electrode, 


respective of polarity, as with alternating current 
xhere polarity troubles are forgotten. 

Besides these theoretical arguments, there is the 
vious practical result that the heat in the electrode 
t any instant is transferred to the work at the next 
‘stant. For example, you cannot draw an are but what 
‘ome metal will be deposited, so that the molten metal 
{ the crater of the work consists of some of its own metal 
molten with more of the electrode metal deposited, which 
leposition carries all the heat that was, the previous 
nstant, in the filling-electrode. Hence, all the heat 
nvolved, except radiation loss, is ultimately landed 


in the plate. 


Cathode Drop and 
Electron Density 
of Welding Arcs 


By G. H. Fett* 


XPERIMENTS to determine the cathode drop of 
welding electrodes in air at atmospheric pressure 
and to compute the electron density in the arc 

were continued using the method previously described.' 
The method used to determine the cathode drop was to 
measure the potential drop between separating electrodes 
it the instant of separation by means of a cathode ray 
oscilloscope. This potential drop was stated to be equal 
to the cathode drop, since the drop in the positive col- 
umn is non-existent at the time of separation, and the 
ode drop does not appear until a later time.? The 
time of equilibrium of the arc is of the same order of 
magnitude as the time during which the cathode drop 
ippears across the separating electrodes.* The electron 
densities were computed in the same way as described. ' 
* Associate, Dept. of Electrical Engineering, University of Illinois. 
wae” G. H., The Wetptnc Journat, 21, (1), Research Suppl., 27-s to 29-s 


Betz, P., and Karrer, S. J. J. Appl. Physs. 8, 845, (1937). 
Fett, G. H., Ibid., 12, 436, (1941). 


Electrode 


Number Type of Electrode 
DD Straight d. c., mild steel 
CA» Reverse d.c., mild steel 
GF Straight or reverse d. c., hard surfacing 
DO; Straight d. c. or a. c., mild steel 
RB Straight d.c. or a. c., hard surfacing 
BAo Reverse d. c. or a. c., mild steel 


There is a difference, however, between direct current 
with reverse polarity and a difference between these two 
and welding with alternating current. This pehnomenon 
is a difference in rate of melting of the filler material, 
i.e., the electrode. The speeds of deposition are ap- 
proximately as follows: Taking the negative electrode 
as one, the a.c. as two and the d.-c. positive as three. 
Except for the most crude filling or padding, d.c. with 
the electrode positive is too rapid to be controlled, by 
the human hand. There has been no type of welding 
yet developed where the speed of a.c. cannot be taken 
advantage of by the operator, and in general, increased 
speed, providing equally good results are obtained, is a 
great asset. 

As to the question of results, I would point to the test 
made by the Bureau of Standards at Washington, D. C., 
during the war, where about twenty d.-c. systems were 
exemplied and only one alternating arc, and in which 
the only specimens which were stronger than the plate 
under tensile test were those made by alternating cur- 
rent, and this at no loss of good results under the other 
tests, ‘cold bend’ and ‘alternating stress.’ ' 


Typical examples of cathode drop of welding electrodes 
and calculated values of electron density with and with- 
out coating on the electrodes and with both straight and 
reverse polarity are given in the following table. 

Of special note in the above table is the striking effect 
of the coating in reducing the cathode drop in the case 
of electrode RB. This electrode had a very heavy coat- 
ing of a special composition. The cathode drop was in- 
creased from 3 to 4 v. when it was remdved. Electrode 
GF was designed for similar purposes to RB except that 
it was specified that it was to be used on d.c. only. The 
effect of the coating was similar. The electron density, in 
each case, was of the same order of magnitude. 

The meaning of the very high electron density in the 
case of electrode CA» is not clear. The electrode was 
specified to be used with reverse polarity, which coin- 
cides with the high density. 

Tests involving very low currents, less than | amp., 
show that for these welding electrodes the current density 
increases with a decrease in current. At values of cur- 
rents about 5 amps, the current density was substantially 
constant. The energy lost by the arc due to conduction 
and convection of heat varies directly with the perimeter 
of the arc. Hence, the current density must increase as 
the current decreases in order to keep the temperature of 
the arc constant within the core. Otherwise, the energy 
in the arc, being proportional to the cross-sectional area 
of the arc, would decrease faster than the perimeter and 
the arc would not be maintained. This proportional in- 
crease in the loss with reduction in current may account 


Electron Density 


Test Cathode Drop, V x 107" per Ce 
Polarity Coated Bare Coated Bare 
Straight 10.4 10.9 2.9 7.6 
Reverse 10.4 12.9 4.5 1.4 
Straight 11.4 8.9 8.0 3.2 
Reverse 11.5 9.9 18.2 9.1 
Straight 12.4 14.2 1.8 2.1 
Reverse 12.5 11.8 1.8 3.1 
Straight 11.5 10.9 8.0 19.8 
Reverse 12.6 10.9 7.6 19.8 
Straight 8.6 11.9 4.1 3.3 
Reverse 9.4 14.0 3.9 3.0 
Straight 10.0 12.4 4.2 1.1 
Reverse 


11.5 12.4 8.6 
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for the fact that arc currents below a certain minimum, 
usually about 0.3 amp., cannot be maintained despite the 
use of fairly high potentials. 

The tests involved in the above data are now being ex- 


tended to currents of 200 amp. under dynamic « 
comparable to the conditions in the welding are 
positive ion and electron densities in the positi 
are to be determined. 
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Reviews of Recent Foreign Welding 
Literature 


EpiroriaL Note—The Welding Research Council is unable to obtain current foreign welding Litera- 
ture, but we are indebted to the Welding Research Council of the British Institute of Welding for the 


following abstracts. 


EFFECT OF GRAIN SIZE ON THE WELDABILITY OF St. 52. 
Stahl und Eisen, vol. 62, 1942, March 19, p. 252. 


The authors investigate the effect of the austenite- 
and ferrite-pearlite grain size of the matrix on the forma- 
tion of thermal-responsive zones and on the variation in 
hardness perpendicular to the welding seam when welding 
the standard German structural steel St. 52, using 17 
samples of rolled and normalized steels. In the rolled 
samples there was no connection between the gamma 
and alpha grain sizes, while in the normalized samples 
the fine-gamma-grain steels also have finer alpha grains. 
The transition zones about the seam are the smaller, the 
greater the fineness of the gamma and alpha grains. 
The width of the area affected diminishes with the alpha 
grain size, but apparently not with the gamma grain 
size. With very fine alpha grain, transition and affected 
zones are practically the same width as complete segre- 
gation has taken place. The hardness curve plotted 
with a microhardness tester transverse to the seam is less 
regular with coarse-gamma-grain steels than with fine- 
alpha-grain steels. No hardness peaks of 400 to 600 
Vickers units were detected, as reported by Bischof in 
Archiv fir das Eisenhtittenwesen, 1939-40; nor could 
it be confirmed that in coarse-gamma-grain steels the 
hardness peaks are located away from the seam. With 
smaller alpha grains the peak hardness increases in 
fine-alpha-grain steels and decreases in coarse-gamma- 
grain steels, indicating that there is no direct relation- 
ship between hardness peaks and the angle of bending on 
weld-bend tests. The zone of intercrystalline ferrite has 
a maximum width with medium-alpha-grain size, being 
wider for coarse-gamma steels than for fine-gamma-grain 
steels. (Abstracted in Iron and Coal Trades Review, 
1942, Aug. 14.) 


ELECTRIC WELDING OF ALUMINUM ALLoys. Elekiro- 
schweissung, vol. 13, 1942, April, pp. 59-61 


In contrast to gas or atomic hydrogen welds, arc 
welds in Al alloys show only small strength, sometimes 
only 60% of the original. By metallographic investiga- 
tions of arc welds in Al-Mg5 it has been shown that the 
low strength is to be attributed to coarse structure of 
the seam, just as coarse-grained zones of low strength 
occur occasionally in extruded or wrought parts due to 
poor working in production. Mere improvement of 


electrode coatings does not bring about any essentia) 
improvement of the mechanical properties of the welds. 


THE DEVELOPMENT OF BRIDGE WELDING DvurING ti: 
Past THREE YEARS. Ill. VDI Zeitschrift, vol. 9 
1941, May 17, pp. 460-462. 

The standard requirements of the German National 
Railways and of the motor roads for welded stee! struc. 
tures have been somewhat modified as a result of iy 
vestigations into the failure of two welded bridges i 
Germany in 1936 and 1938. The use of Thomas (basi 
steel is now permitted only in plate not exceeding 0.8 in 
thick and in angles or flanges not more than | in. thick 
since it is recognized that steel of riveting quality ma 
have too high a carbon or phosphorus content to be fit 
for use in welded structures, and that dangerously large 
inclusions may occur in thick plate or sections. Re 
quirements regarding testing, maximum thickness and 
heat treatment are tabulated for basic and open-hearth 
steels. Some further modification is considered de. 
sirable, since the ores now available are best suited t 
the production of basic steel, and reference is made toa 
recently developed steel of this type approximating in 
properties to the former steel St. 48 but having a maxi 
mum carbon content of 0.25%. In general, normaliza- 
tion is obligatory for plate 1.2 in. thick or more, and for 
sections and flanges 1.6 in. or more; it may be waived 
by agreement for sections and flanges ranging from 1.2 
to 1.6 in. thick, and may be omitted by permission {i 
evidence of satisfactory properties is produced. Thick: 
nesses exceeding 2 in. are prohibited for the present 
Permissible stresses have been slightly reduced for thick 
sections. Flanged girders more than 0.8 in. thick must 
be laminated, or specially rolled sections must be used 
In regard to welding practice, gas welding is said to pre- 
dominate, but automatic electric welding is being - 
creasingly used on long welds and in siop-built work 
The buckling stress of bridge welds has been investigated 
by G. Bierett, who makes certain recommendations re 


garding welded butt joints. In conclusion, reference 1s 
made to the increased cost of welded as compared wit! 


riveted structures, especially in view of the higher stand 


ard of quality for the former and of the additional tests 
required. It is stated that owing to war conditions 


riveted construction has tended to displace welding 


but this phase is regarded as only temporary. (A? 


stracted in J. of Inst. of Civil Engineers, 1942, Oct., p. 29. 
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THE ENGINEERING FOUNDATION 


Welding Research Council 


Sponsored by the American Welding Society and American Institute of Electrical Engineers 


——— Supplement te the Journal of the American Welding Society, June 1943 


Welding Low-Alloy High-Strength Steel 


A Review of the Literature from January 1, 1938 to 
January 1, 1941 


‘ssential 
velds, 
NG TH By W. SPRARAGEN* and H. H. CHISWIK* 
NU 
vol. 
ational This report is prepared under the auspices of 
1 struc. 
; of in THE LITERATURE DIVISION OF THE ENGINEERING FOUNDATION 
ages 
WELDING RESEARCH COMMITTEE 
in 
ty mar EprrorR1AL Note: It should be pointed out that the review of Cracking = 232-s 
o> be fit the literature on this subject covers material published more than Welding Electrodes 235-s 
ly larpe two years ago. Since that time two outstanding pieces of research PyHysicaL PROPERTIES OF WELDS IN Low-ALL#y STEELS 937-s 
;. Re on weldability have been completed at Lehigh University and Report of Subcommittee R.11 of Institute of Welding 237-s 
‘SS and Rensselaer Polytechnic Institute. The results of these investiga- Tensile and Impact Strength of Butt Welds 237-s 
-hearth tions have not yet been released for publication by governmental Bend Tests of Butt Welds 240-s 
ed de. authorities although every effort is being made by the Welding Re- Hardness and Cracking Tests of Fillet Welds 240-s 
ited t; search Council to secure such release. CARBON-MANGANESE STEELS 241-s 
de toa Since the preparation of this review ductility has been empha- Bend Tests 241-s 
ting in sized to an even greater degree and carbon equivalents have proved Hardness and Cracking Tests 241-s ; 
. maxi to be unsatisfactory as a base except in a few specific instances and Fatigue Tests het 244-s : 
naliza- then only when restricted to a definite range within a single cate- Ductility a 246-s 
und for gory of steels. Further, since that time, the Lehigh and Rensse- yy ,ncanpse-Copper STEELS 247-5 
waived oa work referred to above has shown the relation of analysis to Tensile Strength.......... 247-5 
om 1.2 ardenability under widely varying welding conditions and the re- Impact and Hardness Tests 248-5 
sion if lation of hardenability to ductility for the more common alloy Fatigue Strength 249-5 a 
Other important reports have appeared since this review was 
r thick undertaken and published in the Welding Research Supplement. — : 
Again the reader is reminded that these reviews do not necessarily 
represent the views of either the Welding Research Council or even 979 
used Fatigue Strength 253-S 
Dre- the authors of the review. They merely cover a correlated digest 
oe of information available in the literature during the period indicated Tensile Proserti On9 ie 
work on the subject of the review. 
igated or the method used in predicting weldability using the Lehigh 
te data the reader is referred to a brief article by Dr. A. B. Kinzel Pe 
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Summary 


General Effects of Alloying Elements 


Weld Hardening 


“Carbon Equivalence.’’—The chief effect of alloying 
elements in steel, from the point of view of weldability, 
is the decreased ductility in the heat-affected zone of the 
parent plate. The decreased weldability depends upon 
the choice and amount of the added alloying elements. 
In view of the numerous variations in the compositions 
of commercial low-alloy steels, attempts have been made 
by various investigators in recent years to develop a 
method whereby one could calculate or predict the type 
of elements and their quantities which would yield the 
best increase in tenacity accompanied by the least re- 
duction of weldability. One such method is based on 
the principle of ‘‘carbon equivalence,’’ which expresses 
the influence of any element in terms of the amount of 
carbon which would have the equivalent effect. Thus, 
taking the hardening effect of carbon as 1, average values 
for chromium or vanadium might be '/;, manganese '/¢, 
molybdenum '/, and nickel '/, to '/;5. These ratios are 
of course dependent in some measure on the relative 
amount of carbon and other alloying elements. The 
maximum weld hardness of an alloy steel is calculated 
by merely adding the relative effects of the alloying 
elements it contains. On the basis of recent work, 
however (to be published shortly) it appears that this 
method is not generally applicable and its use is re- 
stricted to certain limits of composition and welding 
conditions. 

Taking into consideration the relative influence of 
carbon, alloying elements and welding conditions, on 
the maximum weld hardness, some authors conclude 
that in a broad sense the freedom of welding is relatively 
great in steels containing 0.1% carbon, but it becomes 
more and more restricted for many low-alloy steels 
containing carbon in excess of about 0.20%. 

Precooling, Preheating and Plate Thickness.—Pre- 
cooling, preheating, rate of arc travel or plate thickness, 
all affect the maximum weld hardness only in so far as 
they change the cooling rate of the base plates. From 
S-curves and transformation rate curves on continuous 
cooling, Aborn deduced that the maximum safe average 
cooling rate (r) of coarsened parent metal in a weld of 
the same steel, to avoid the formation of hard constitu- 
ents, is given approximately by the following relation- 
ship: 

_ I, — (7; — 100) 


where 7) = temperature in ° F. at which austenite 
transforms into ferrite and pearlite under equilibrium 
conditions (Ae); 7, = temperature in ° F. at which 
isothermal transformation is completed in the mini- 
mum time 4; 4 = time interval required for the com- 
pletion of isothermal transformation of fine-grained 
austenite at temperature 7}. 


Cracking 

If trouble is encountered the following remedies are 
helpful in reducing weld cracking in low-alloy high-tensile 
steels: 

1. Limit the carbon content of the steel to 0.15- 
0.20%. 

2. Preheat the component parts to at least 200° C. 


3. Adopt a slow welding speed, e.g., 7 in. per minute, 
max. 
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4. Apply one or more annealing runs 


after the first run. — 
5. Use soft mild steel welding rods where, ..; Possibj 
6. The use of austenitic welding rods ani the otal 

duction of an inhibiting element, e.g., titanium. jc recom, 

mended. 


7. For single-run fillets, the use of a relatively go. 
welding speed of 4 to 6 in. per minute, with 2 fillet ¢,, 
of not less than half the thickness of the plate, has 


Riven 
the best results as regards cracking. 7 


On the basis of a series of tests, the British Institute 
of Welding Sub-committee R.11 on the Weldability of 
High-Tensile Structural Steels states that cracking jy 
restrained joints may be avoided if the maximum hard. 
ness and the mean hardness do not exceed 40() HD 10) 
and 350 HD/10, respectively. 


Physical Properties of Welds in Low-Alloy Steels 


On the basis of the results reported by the British 
Institute of Welding Committee, the following steels ar. 
fully weldable, that is, they show a complete absence 
of weld cracking in the plate independent of the size oj 
the weld deposit: carbon-manganese steels, containing 
1.5% Mn and 0.20% max. C; 2% nickel steels (0.20% 
C), but only in '/, in. plate thickness; Cr-Cu-Si-P steels 
(0.08% C); low carbon (0.09%) nickel-copper steels 
(2% Ni, 1% Cu); Cu-Ni-Mo steels, but only in ', in 
thicknesses (1% Cu, 1.5% Ni, 0.10% Mo); Cr-Mn-Si-2r 
steels (0.55% Mn, 0.78% Si, 0.45% Cr, 0.10% 2 
0.08% C). 

In general, the Committee recommended for the suc 
cessful welding of these steels that the first run of weld 
metal in fillets be as large as possible, so that the mean 
hardness in the weld junction may not exceed 350 HD |() 
Increasing the size of the fillet deposited with the first 
run reduces the mean and maximum hardness ani 
decreases the tendency toward cracking. 


Carbon-Manganese Steels 
Bend Tests 


One group of investigators studied the bending quali- 
ties of a series of arc-welded manganese steel plates, ' 
and 1'/. in. thick, as a criterion of their weldability 
The welds consisted of single beads deposited from *  \-in 
electrodes on plates in the normalized condition, ranging 
from 0.22 to 0.52% C and 0.43 to 1.64% Mn. The 
beads were machined flush with the surface, and the 
specimens were bent with the weld surface in tension 
both ‘‘free-bend”’ and ‘‘controlled-bend”’ tests (in a jig 
were made. As the carbon content of the steel is in 
creased its bend ductility is decreased. Also the Charpy 
impact strength decreases as the carbon content is raised 
If a 20% minimum elongation in the bend test be arbi 
trarily chosen as an approximate requirement for weld 
ability ('/2-in. plates) the limiting composition would 
be between (a) 0.34 C and 0.82 Mn, or (6) 0.42 C and 
0.73 Mn, for welding conditions of the above tests 
To meet this condition the 0.34 C and 0.82 Mn steel! would 
require a plate temperature of 150° F. and the 0.4! ( 
and 0.73 Mn steel would require a preheat of 450° I. 

The thickness of plates is also a controlling element 
By way of illustration, the '/2-in. steel plate containing 
0.24 C, 1.28 Mn and 0.15 Si showed a bend ductility 0! 
26%; the 1'/:-in. plate of the steel had only a 5° bend 
elongation. 

Another investigator found that even a !/2-in. plate 
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Hardness and Cracking Tests 


In single-bead are weldability tests of a series of 
arbon-manganese steels a group of investigators showed, 
~ » maximum weld hardness of 250-275 Brinell were 
arbitrarily chosen as an approximate limiting require- 
ment for weldability, the corresponding compositions 
for half-inch plate welded at room temperature would 
pe limited to 0.33% C and 0.90% Mn. (Norte: Larger 
manganese contents could be used at lower carbon levels, 
fcourse.) A 0.28 C and 1.08 Mn steel attained a maxi- 
mum hardness of 252 Brinell when welded at room tem- 
nerature (75° F.), but reached a hardness of 340 Brinell 
f precooled to 40° F. By virtue of the same effects of 
ooling velocity, also the thickness of the plate plays an 
important role in the maximum weld hardness attained. 
rhe 0.28 C and 1.08 Mn steel, spoken of above, attained 
, Brinell hardness of 252 at room temperature in the 

in. thick section, and 381 Brinell in the 1'/s-in. section. 

Results indicate a marked decrease in hardness as the 
size of the electrodes is increased from 5/3 to '/, and 
‘/,in., resulting undoubtedly from the larger heat input 
and the consequent lower cooling rates. 

In a study of the effect of aging on the ductility of 
oxyacetylene butt welds in '/2- and */,-in. plates of 
60,000-65,000 psi. tensile strength one group of investi- 
gators used 110° C. with aging at 24, 72 hr. and longer 
periods. They conclude that low-alloy welds, containing 
Cr, Mo, Ni, Cu up to 0.64%, and Mn up to about 1.36% 
are improved in ductility on low-temperature aging, as 
represented by the increase in their ‘‘reduction in area’”’ 
and “©, elongation”’ values; the improvement in duc- 
tility appears to be even greater than that obtained with 
the commonly used 650° C., stress-relieving treatment; 
the tensile strength, yield strength, hardness and impact 
values are hardly affected. 


Manganese-Copper Steels 


Tensile Strength 

Metallic are butt welds in '/,- and '/2-in. plates of 
steels containing about 0.20% C, about 1.59% Mn and 
about 0.5% Cu had an ultimate tensile strength of about 
90,000 psi. and 81,000 psi., respectively. The former 
broke in the plate, the latter through the weld; the welds 
were made with plain carbon electrodes and tested in the 
as-welded condition. Single-run end-fillet welds ('/,-in. 
fillet) in the above plates had an actual breaking strength 
of 74,000 Ib. Are butt welds in */,-in. plates of Man-Ten 
0.59 C, 1.25-1.70 Mn, 0.15 Si, 0.20 Cu), produced im- 
pact values at least 100° above those of the base plates. 
Stress relieving had little effect. low-carbon shielded 
arc rods produced better impact values than the Mo- 
bearing shielded rods. 


Fatigue Strength 


Butt welding lowered the pulsation fatigue strength to 
SU") of the unwelded plate (42,700 psi.) in 0.47-in. thick 
plates of a low-alloy steel containing 0.14 C, 0.36 Si, 
1.49 Mn and 0.37 Cu. Grinding the weld flush raised 
the fatigue strength to approximately that of the plate. 


Carbon-Nickel Steels 


Tensile Properties 


Low-carbon nickel steels have been used for welded 
pressure vessels operating at temperatures as low as that 


1943 


WELDING LOW-ALLOY STEEL 


of liquid air (—300° F.), and at pressures as high as 
400 psi. Although the average tensile properties of 
welded plates, 5/\5 to */, in. thick, containing about 3% 
nickel are less than the plate material, the yield strengths 
of stress-relieved specimens are the same. 


Hardness and Impact Strength 


In depositing a weld bead on the surface of 2°% nickel 
plate, increasing the plate thickness from '/, to 1'/» in. 
raised the weld hardness about the same amount as an 
increase in carbon content 0.20 to 0.40% in a '/¢-in. 
plate would, namely, from 225 to 400 Brinell; multi- 
layer butt joints, of course, do not give these severe 
hardening conditions. 

No general conclusions can be drawn from the widely 
different nickel steels reported in this review. The 
reader is urged to make a study of each case given in 
the main body of the report and in an earlier review on 
nickel steels published in the May 1938 A.W.S. Research 
Supplement. 


Nickel-Copper Steels 


Tensile tests of arc-welded plate containing about 
2% nickel and 1% copper gave 66,000 psi. with 0.08 
carbon and 95,000 psi. with 0.22 carbon. All the plates 
failed in the parent plate. The plates were tested 
“as-welded.”’ 


Impact Strength and Hardness 


In tests of arc-welded Ni-Cu plates (0.16 C, 2.09 Ni, 
1.06 Cu) and steels containing 0.23 C, 0.79 Ni, 1.56 Cu 
and 0.15 Mo, one group of investigators conclude that 
the weakest section in impact strength *was in the welds, 
their average value being about 70% of the unwelded 
base plates. The authors could find no exact relation- 
ship between the hardness and the impact strength. 

Electrodes satisfactory for low carbon steels are equally 
satisfactory for Yoloy steels, but if a strength equal to 
that of the rolled plate ts required, alloy electrodes must 
be used; thus, a low-carbon rod containing about 0.40% 
molybdenum in the coating produces welds comparable 
in strength to the base plates. Half-inch plates con- 
taining 0.10-0.12% C, failed uniformly outside the welds 
on tension; those containing about 0.20°% C failed in 
the weld, but at high values. The ‘‘as-welded’’ plates 
bent satisfactorily 180°. 


Carbon-Molybdenum Steels 


The following physical properties are reported for all- 
weld-metal cut from arc-welded joints in C-Mo pipes, 
containing 0.14 C, 0.43 Mn, 0.11 Si, 0.48 Mo and welded 


with C-Mo electrodes: T.S. = 66,650 psi.; YS. = 
43,000 psi., for a 0.2% set; elongation = 32.5% in 
2 in.; reduction of area = 65°. The pipes were pre- 


heated to 450-600° F. and stress relieved after welding 
for 2 hr. at 1200° F. 

Creep: Under a stress of 15,000 psi. at 925° F. the 
creep rate per cent per 1000 hr. was 0.019; the creep 
rate per cent per 100,000 hr. was 1.9; the estimated 
stress for 1% per 100,000 hr. was 13,250 psi. 


Hardness 


Even under the severe conditions of a single bead 
weld, the weld hardening tendency of low carbon-'/9% 


molybdenum steels (0.19 C, 0.46 Mo) is only slight. 
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Arc-Welding C-Mo Piping 


Properties: Multiple-pass are welds in C-Mo 
pipes (65/s in. O.D., 0.432 in. wall thickness; 0.19 C, 
0.46 Mo) failed in the parent metal on tension. The 
per cent elongation in the outside fibers in face bending 
exceeded the required 30° minimum regardless of pre- 
heating (400° F.) or stress relieving (1225° F.); the root 
bends, however, exceeded 30% only when preheated. 

To meet A.S.T.M. specifications one group of investi- 
gators recommend the following gas-welding procedure: 


(1) All pipe of °/s in. wall thickness or gre. iter sf 
preheated to about 1100° F. and maintained ¢ 
the entire welding operation. 
preferably 37'/2°; space the pipes approximat; ly 

in. apart; use !/s~-*/\.-in. welding rod for th, first ty. 
layers of multilayer welds; welding rods of 4 
composition as base metal should be used 
no Mo is lost during welding. 
normalized—teheat with torch 
and cool slowly in still air. 


lall } 
there rin 


(2) Bevel Pipes ty 


1€ Same 


, Practically 
(3) Entire weld shall } 
to at least 16009° 


Welding Low-Alloy High-Strength Steel 


Introduction 


HE plain carbon S.A.E. steels contain, in addi- 

tion to carbon, also manganese and silicon. The 

silicon content for all basic open-hearth S.A.E. 
steels ranges from 0.15 to 0.30%; the manganese content 
may be as high as 0.90%, depending on the carbon content 
(in special “free machining’’ steels the manganese con- 
tent often reaches 1.20%). To avoid confusion and to 
facilitate classification, manganese or silicon contents 
exceeding the above limits have been considered in this 
report as ‘‘alloying”’ additions. 

All the steels discussed in this review have been ar- 
ranged under headings corresponding to the alloying 
elements they contain. Thus, a steel containing 1.0 Mn, 
0.40 Si, 2.0 Ni, 1.0 Cr would be found under the heading 
Mn-Si-Ni-Cr Steels, etc. In view of the numerous 
variations in the compositions of low-alloy steels, the 
above arrangement facilitates the search of the reader 
who might be looking for special information concerning 
a particular alloy steel. 

For data relating to “‘low-alloy’’ chromium-bearing 
steels, the reader is referred to the Reviews of the Litera- 
ture on the above subject published in the 1942 August 
and September issues of THE WELDING JOURNAL Re- 
search Supplement. 


General Effects of Alloying Elements 


Weld Hardening 


“Carbon Equivalence.’’—The chief effect of alloying 
elements in steel, from the point of view of weldability 
is the decreased ductility in the heat-affected zone of the 
parent plate. The decreased weldability depends upon 
the choice and amount of the added alloying elements. 
In view of the numerous variations in the compositions 
of commercial low-alloy steels, attempts have been made 
by various investigators in recent years to develop a 
method whereby one could calculate or predict the type 
of elements and their quantities which would yield the 
best increase in tenacity accompanied by the least re- 
duction of weldability. One such method is that de- 
veloped by Dearden and O’Neill.!. The method is based 
on the principle of ‘“‘carbon equivalence,’ which expresses 
the influence of any element in terms of the amount of 
carbon which would have the equivalent effect. By the 
above method, one need only know the effect of carbon 
on maximum weld hardness and the ‘“‘carbon equivalence’’ 
of the various alloying elements in order to be able to 
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calculate the maximum weld hardness of any low alloy 
steel. 

Using the modified Reeve fillet weldability test as 
basis of comparison, Dearden and O'Neill!’ have deter 
mined experimentally the above relationships (Fig, | 
and have assigned to each element a so-called Harde; 
ability Coefficient of Carbon Equivalence, as shown j: 
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Fig. 1—Maximum Weld Hardness as a Function of ‘Carbon 
Equivalence.” Dearden and O'Neill! 
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: when an alloying element is used to raise the yield 
Table |—Hardenability Coefficients of ‘‘Carbon Equiva- strength. Apart from the question of cost, the element 


Fillet Weld Area reat Snecific We 
lence’ »-In. Plate, 0.045-Sq. In. ). with the lowest Specific Weld Hardenability is naturally 
Dearden and O'Neill! to be preferred. 


: | Speeifie Weld To check the validity of the method, the authors have 

Hardenability = calculated the maximum weld hardness of a series of low- 

Divisor = |Hardenability alloy steels tested by French and Armstrong? and com- 

Range 1/Coefficient Coefficient pared their values with those obtained by the latter 

Element |Examin- cf . authors experimentally. Considering the differences in 

ed Hardenability | Yield Coefficient the welding technique and in the methods of testing, the 

agreement is fairly good (see Fig. 1 and Table 2) 

Carbon 0.6 max. I 1 On the basis of Reeve tests (restrained fillet welds) of 

Phosphorus | 0.1-0.15 2 a series of low-alloy steels (Table 3) the authors concluded 

Chromium 1.0 max. 5 (yield coefficient that, with ordinary electrodes, the hard zone of a weld 

unknown). should not exceed 350 Vickers Diamond Hardness, if 

Vanadium f ; 0.14 5 0.07 low ductility is to be avoided due to severe conditions of 
Chromium +] 1.7 ,, 5.5 0.8 mechanical restraint. The above hardness value corre- 
Manganese sponds to a “carbon equivalence”’ of 0.45%, as shown in “4 
Manganese..| 1.6 ,, 6 0.7 Fig. 1. It should be remembered, however, that this 4 

Molybdenum) 0.6 ,, 4 0.6 criterion of weldability applies only to the welding condi- 

Nickel oot ae! eb 15 0.6 tions that obtain in the Reeve test or conditions similar 

Copper ..| 0.5 ,, infinity =| — to it, and precautions should be excercised in applying 

0.5-1.0 13 0.3 it to other welding conditions. Furthermore, this 

Cobalt? .-| 2.3 max. 150 0.07 method of calculating weldability from chemical com- 

~ *Nickel contents up to 5.4 per cent. have been examined position on the basis of adding the relative effects of the 

and the divisor then increases progressively to 25. alloying elements with reference to carbon, has been 

+One steel only tested. shown on the basis of recent work* to be applicable only 


within narrow limits. Also, in a recent paper, Gross- 
mann has shown that the effects of alloying elements 
[able 1. In the above table the authors also give the ©” hardenability are not strictly additive, but corre- 
so-called Specific Weld Hardenability, whichis anapproxi- spond essentially to a continuous multiple of each other. 
mate measure of the relative weld hardening produced * To be published shortly 


Table 2—Hardenability Equivalents and Resulting Weld saan (1/y-In. Plate, Fillet Area 0.045 Sq. In.). Dearden and 
"Neill! 


Cale. Weld Hardnes 


Equiv From 
& Mn Mo Ni Cr Cu Carbon Fig. 1 Actual 

Graph 3 
0.184 0.82 - 0.83 0.31 0.487 385 384 
0.065 0.60 0.10 1.31 1.13 0.364 237 229 
0.09 0.38 a 1.96 ; 0.95 0.356 227 239 

From data of French and Armstrong: Graph 4 
Mn-Ni 0.35 1.28 1.57 0.67 544 
Mn-Ni-Cr-Mo 0.21 1.00 0.27 2.56 0.13 P 0.64 511 175 
Cu-Ni-Mo 0.09 0.70 0.11 0.75 aA 1.4 0.395 230 220 


Dearden and O'Neill! 
Weldability 


. Plates in the Condition As-Received. 


Reeve Tests Using 


Mild Steel Electrodes 
—- —Tensile Tests -- Max. Weld Hardness 
Max. Elongation Parent 0.045 0.037 
pee Stress, in Plate Sq. In Sq. In 


Psi. 8 In., ‘ Hardness Fillet Fillet 


52,800 85,500 28 175 278 290) 


57,200 75,100 28 157 251 264 


0.16 1.43 49,400 77,400 24 162 320 350t 
0.225 1.56 0.31 ia 56,000 89,200 23.5 193 4081 420+ 
0.175 1.34 0.235 AS wa 0.16 82,900 25 175 350 365? 
0.225 0.52 0.64 52,600 82,900 24 178 372 391t 
0.21 0.81 (0.36) (0.16) V-0.14 57,600 93,100 15.5 190 320 334 
2.27 - re 49,400 71,700 28 145 290 308 
1.82 a i 51,400 78,000 24 165 370 394 
3.32 (0.05) af ne 75,700 30 (4 in.) 158 275 294 
4.84 (0.08) as 57,400 81,900 20 (4 in.) 185 340 345t 
5.38 (0.06) 0.22 76,800 111,000 13 236 396t 399t 
4.31 1.33 : 85,300 141,400 12 300 405t 407T 
36 
3 


Pp 0. 17%, Si 0.55%. 
t Cracked 
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RONG 
RS 
pe 
DRS 
Mn Cu Ni Cr Mo Psi. 
IRS Co 
0.25 0.73 0.65 2.30 
YRS Mo 
0.075 0.26 0.375 1.22* 
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Table 4—Suggested Analyses in Addition to Basic Composition of C 0.17%, Si0.3%, P0.04%, Cu0.5%. Dearden ang O'Ne; 


ll 
—Calculated Values for 1/2-In. Plate— 
Weld Hardeni:, 
Equiva- M i We ld 
lent Hardness 
Tenacity Harden- for 0.045. 
Max. bility, Sa. In 
Alloy Content ¥. Stress, Carbon Fillet 
Mn Ni Mo Psi. Psi. 
1.48 52,600 85,300 0.417 
50,000 psi. 1.20 oun - 0.20 53,000 85,100 0.427 
Yield point 0.60 1.8 ms 0.20 52,400 77,300 0.447 Bis 
Class 0.80 1.4 52,600 81,200 0.453 340 
0.80 1.0 52,100 83,100 0.503 1 
1.00 V-0.14 64,000 97,000 0.366 24 
60,000 psi. 1.50 0.60 63,600 97,700 0.590 510 
Yield point 1.50 2.2 RS 63,800 96,800 0. 566 18() 
Class 1.50 1.0 0.35 64,000 97,700 0.590 510 
0.80 3 0.40 64,000 94,800 0.617 530 
1.50 = 0.40 0.40 64,000 97,500 0.654 580 


The application of the above results lies in the possi- 
bility of judiciously choosing the alloying elements to be 
added for raising the physical properties of a steel to a 
certain required value, without at the same time exceed- 
ing the weldability limit as judged by the resulting maxi- 
mum weld hardness. An illustration of this application 
is shown in Table 4, in which a series of alloy steels is 
shown, all having equal yield and tensile strength, but 
some of which exceed the permissible 0.45% ‘‘carbon 
equivalence; the latter, having a maximum weld 
hardness exceeding 350 Vickers are, according to these 
authors, objectionable from the weldability standpoint. 

French and Armstrong’ have investigated the com- 
parative effects of Mo, Mn, Cr and Ni on the maximum 
weld hardness of steels containing up to 0.50% carbon. 
Their tests consisted of surface beads deposited on '/2-in. 
plates at a rate of about 5 in. per minute. Their results 


are shown in Figs. 2 and 3. The order of the potency oj 
the alloying elements in raising the weld hardness js 
generally the same as that calculated by Dearden ang 
O'Neill’ on the basis of “‘carbon equivalence’ (Tabj 
1), molybdenum being the most potent and nickel tl 
least potent. Nickel at 2% had only a feeble effect, th 
maximum weld hardness being less at any carbon content 
between 0.10 and 0.45% than that produced by either 
1'/,% manganese, 1% chromium or 0.35% molybdenum 
In Fig. 3 is shown a comparison of the effects of the alloying 
elements with that of carbon; the latter is by far the most 
potent weld-hardening agent. From the slopes of th 
curves (Fig. 3) it can be seen that on the basis of am 
allowable maximum weld hardness the toleranc 

steels, somewhat greater in the chromium steels and stil! 
greater in the nickel steels, especially in the 2°, rang 
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Fig. 2—Maximum Weld Hardness in '/,-In. Plates of C Steels and Ternary Steels of Mn, Cr, Mo and Ni. 
Surface Beads Deposited at About 5In. per Minute. Heavily Coated */,-In. Electrodes Used. French anc 
Armstrong? 
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Fig. 3—Effects of C, Mn, Cr, Mo and Ni on Weld Hardenability of Steels Containing Different C Contents. 


Taking into consideration the relative influence of car- 
bon, alloying elements and welding conditions, on the 
maximum weld hardness, some authors conclude that in 
a broad sense the freedom of welding is relatively great 
in steels containing 0.10% carbon, but it becomes more 
restricted for many low-alloy steels containing carbon in 
excess of about 0.20% (Fig. 4). To avoid the use of 
carbon as a strengthening agent and the resulting re- 
stricted welding conditions, an intelligent choice of alloy- 
ing elements is necessary. In Table 5 the authors show 
a series of low-alloy steels possessing a minimum yield 
strength of 54,000 psi.; a plain carbon steel would re- 
quire 0.45% carbon to attain an equivalent yield strength 
and its maximum weld hardness would exceed 400, 
whereas the maximum weld hardness of the above low- 
alloy steels is under 300 (Brinell) in each case. 

Precooling, Preheating and Plate Thickness.—Pre- 
cooling, preheating, rate of arc travel or plate thickness, 
all affect the maximum weld hardness only in so far as 
they change the cooling rate of the base plates. From 
S-curves and transformation rate curves on continuous 
cooling, Aborn*® deduced that the maximum safe average 
cooling rate (r) of coarsened parent metal in a weld of 
the same steel, to avoid the formation of hard constitu- 
ents, is given approximately by the following relation- 
ship: 


75 (7; — 100) 
Shy 


where 7> = temperature in ° F. at which austenite 
transforms into ferrite and pearlite under equilibrium 


Table 5—Properties and Weld Hardening of Complex, Low Carbon Pearlitic Steels ('/,-In. Plates). 
Armstrong’ 


_ Composition, % 


S Mn Si Ni Cu Mo V 

0 09 0.70 0.03 0.75 1.40 0.11 

0 12 0.56 2.01 1.07 

0.17 0.65 3.5 

0.13 0.68 3.92 0.11 

0.1] 0.46 0.98 1.05 0.94 pie 
Cc 

0.17 0.46 1.29 0 60 


(1) Typical properties, normalized. 


French and Armstrong? 
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conditions (Ae); 7, = temperature in F. at which 
isothermal transformation is completed in the minimum 
time /;; 4; = time interval required for the completion of 
isothermal transformation of fine-grained austenite at 
temperature 7;. In Table 6 are shown the observed 
values of 75 and (7, — 100) and the approximate values 
of 3t, and 7 for a number of low-alloy steels. 

Precooling: An illustration of the effect of precooling 
in raising the weld hardness of both plain carbon and 
low-alloy steels is afforded in Fig. 5, taken from the tests 
by French and Armstrong.’ It will be noted from the 


0 10 20 30 40 50 60 70 
Carhen Per Cant 

Fig. 4—Maximum Weld Hardness of C and Ni Steels Welded 

Under Different Conditions Compared to Maximum Attain- 

able Hardness by Rapid Cooling. French and Armstrong” 


French and 


Yield Tensile 
Point (1), Strength (1), Plate Max. Weld 
Psi Psi Hardness Hardness 
65,000 74,000 190 220 
58,000 78,000 190 263 
55,000 81,000 175 290 
54,000 78,000 215 249 
63,300 78,000 202 274 
54,000 75,000 146 278 
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600 Preheating: The effect of preheating in |, Wering th 
Carbon Steels i = 133% Manganese Steels maximum weld hardness of low-alloy steels js P diy 
‘ Fi Table 7, from the tests of French and Armstrone 2 ‘ 
400 es way of illustration, the weld hardness of a \ Mon ete 
= RY 2 6 (1.57 Ni, 1.28 Mn, 0.35 C) was reduced from 5x3 to 40m 
Vickers Brinell by preheating to either 250° or 
: 200 x. similarly, a steel containing Ni and 0.3. 
2 As developed a weld hardness well below 300 Vickers Brinett 
= Re when preheated to 600° F. 
| Type of Joint and Thickness of Plates: Since the 9. 
2 0 01020304 0.5 O 0102030405 jacent plates act as cooling agents for the weld, the, - oo 
. ACI Uae 
2 Carbon Content - Per Cent thickness and the type of the joint affect the mMaximuy 0.40 
. x 600 : rae weld hardness, as shown in Fig. 6, taken the fille. 0.44 
[35% Nickel Steels! g. en from the fillet. 46 
2 | Molybdenum ' weld tests of Dearden and O’Neill.! The Reeve test = 
¢ Steels 3@ ey (Graph B in Fig. 6) apparently produces greater chilling 0.35 
2 400 iN ; g and hardening than a single-run butt or corner weld, py; 0.45 
is not quite as severe as a cruciform weld. In Table ¢ 0.21 
= are shown the relationships between the relative fille 
200 A note Ay sizes and the thicknesses of the plates that are necessary 
T g00% oo” to produce a given weld hardness, as obtained by the same Herein 
authors. The fillet areas are increased in about the same effects 
ratio as plate thicknesses. Will 
0 01 02 03 04 05 0 01 02 03 04 05 In the tests of French and Armstrong? (single-run de. rackit 
Carbon Content - Per Cent posits on a 2% Ni plate), an increase in the plate thick. y mpo 
Fig. 5—Effect of Precooling to 5-10° F. on the Maximum Weld ness from '/2 to 1'/s in, raised the weld hardness from wed 2 
Hardness of C Steels and Ternary Steels of Mn, Cr, Mo and Ni. 225 to 400 Brinell. aeertt 
French and Armstrong.’ Tests on '/.-In. Plates Welded at t Ps 
About 5 In. per Minute Arc Travel Cracking 
An extensive summary relating to the general effects 
slopes of these curves, that the lower the carbon content and causes of weld cracking has been made in a previous 
the smaller the increase in weld hardness. Literature Review of the Welding Research Committee - 
: 
o/ 
Table 6—Calculated Maximum Safe Cooling Rates in the Welding of Carbon and Low-Alloy Steels. Aborn 380 
Alternative Alternative Relative 
Min. Safe Max. Safe Min. Safe Max, Safe Order of 
Time Interval Avg. Cooling Time Interval Avg. Cooling Mex. Safe 
Ay) Temp. Temp. between Rate Between between Rate Between Cooling Rate 360 
Steel To (Ty=100) end(t-100) and (T,-100) and 650°, To 650°F, (Based on 
{°r.) St'_(Seo.) _i°y./min.) Microstructure) 
-- 1330 950 5 4600 195 210 2 
1330 950 6 3800 420 97 ‘ sec 
Certos -- 1330 925 13 1900 960 43 
80 << 1315 925 13 1800 600 67 
1310 900 60 420 1200 3s 9 
-65 1.52 -- -- -- 1505 900 260 2400 16 10 
3 1.06 —- <- -- 1295 800 195 150 600 68 13 
AB 198 650 42 700 210 200 
-- 82 uo 1340 1150 9,000 1.3 480 86 17 
33) 1150 60 ,000 0.2 600 69 19 
1050 75 240 420 99 uu 
cr -- 1360 1100 120 130 600 n 
320645197) we 1410 1180 720 19 690 66 20 
= 900 4100 300 130 3 
1280 900 2900 660 87 
\ m S88 1200 900 78 230 3000 12 
- = 1225 850 180 130 2400 4 
1508 1000 180 190 1200 33 16 
1365 1100 150 110 1260 18 
1.66 .23 Mo 1280 1025 84,000 0.3 1000 
(1.79 .33Mo 1500 1100 39,000 0.3 6000 


Nore: The maximum safe cooling rate is the larger of the two values (r) and (r’). 
* S-curves published by this Laboratory serve as a basis for the values tabulated in the indicated columns. 
** Based upon coarsened austenite. 
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Table 


in 1 »-In. 
Cast 
Composition, or 

Cc Mn Si Ni Cr Mo Wrt. 
35 1.28 0.39 1.57 Cast 
0.29 0.83 0.24 2.20 0.68 0.25 Cast 
040 0.76 0.39 2.10 0.79 Cast 
0.44 0.45 0.24 3.50 1.48 Wrt. 
) 46 0.66 0.23 2.01 Wrt. 
) 23 0.64 0.18 3.27 a2 Wrt. 
). 35 0.52 0.06 3.23 Wrt. 
) 45 0.51 0.20 3.41 Wrt. 
).21 1.00 0.28 2.56 0.13 0.27 Wrt. 


Herein are reported only data designed to illustrate the 
effects of alloying elements. 

Wilkinson and O'Neill‘ carried out a series of Reeve 
cracking tests on a large number of alloy steels, whose 
compositions are given in Table 9. The electrodes they 
used and the pick-up by the weld of elements in the 
parent plates are shown in Tables 10 and 11. 
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Fig. 6—Hardening of Various Joints. Dearden and O'Neill! 


7—Effects of Preheating and Stress Relieving on Weld Hardness of Alloy Steels with Appreciable Hardening Capacity 
lates. French and Armstrong’ 


Max. Weld Hardness——Vickers Brinell When Plate 
Welded at Designated Temperature, ° F. 


Plate 70°, Then 
Hard- Stress An- 
ness nealed at 
Brinell 70 250 600 900 1110° 
230 585 415 395 
255 575 480 415 
265 610 570 455 515 
340 735 625 670 530 363 
235 470 300 
185 335 315 240 
205 495 370 290 254 
255 625 297 
270 475 415 330 


The factors listed by these authors as playing an im- 
portant role in causing single-run fillet weld cracks, are 
as follows: 


1. Degree of restraint on components to be welded. 
2. Initial temperature of the components. 
3. Chemical composition of the components 
Method of manufacture of the steel and freedom 
from alloy segregation. 
5. Thickness of plates. 
6. Relative size of weld bead to plate thickness. 
7. Speed of welding. 
8. Electrode size. 
9. Type of electrode and its coating. 
10. Current input. 
11. Freedom of parent plate and weld metal from 
non-metallic inclusions. 
12. Welding sequence. 
13. Inherent grain size of the parent plates. 


The magnitude of the effects of some of these variables is 
shown in the test results reproduced in Tables 12, 13, 14, 
15 and 16. In reporting the degree of cracking, the 
authors use the following qualitative scale: 


1, Cracks only revealed by magnetic testing —re- 
ported as X. 

2. Cracks only revealed by polishing on emery 
paper—reported as XX. 

3. Cracks only revealed by filing—reported as XXX. 

4. Cracks only revealed by saw cutting—reported as 
XXXX. 

From Table 12 it is evident that the lowest carbon 
content consistent with obtaining the required tenacity 
is desirable. In Table 15 is shown the better behavior of 
mild steel electrodes, e.g., A9, CA10 and Cll. 

Single runs of HT3 electrode (0.08 C, 0.33 Mo) de- 
posited on a steel (0.95 Mn, 0.35 C) of “inherently fine” 
grain size at 4 to 6 in. per minute did not produce as 
deep a hardened zone as those obtained when the parent 
plate had an ‘inherently coarse’ grain size (520 VDH 
vs..603 VDH); and the latter was cracked. That the 
hardness of the intermediate zone, however, is not neces- 
sarily a measure of cracking liability was shown by the 
few examples listed in Table 17. Dearden and O'Neill,' 
however, suggest that if the weld metal hardness plus 
the maximum weld hardness does not exceed 520 (Vickers 
Diamond Hardness), cracking is not likely to occur in 
the Reeve test; furthermore, if the sum exceeds 625, 
cracking is almost inevitable. 

Summarizing their own results and those of other in- 
vestigators, the authors list the following remedies as 
helpful in reducing weld cracking in low-alloy high- 
tensile steels: 
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Table 8—Relative Fillet Sizes to Produce a Given Degree of Hardening on Various Thicknesses of Plate. Dearden ang O'Nei 


Min. Fillet 
—_—Parent Plate— —-~ Selected Area Giving Ratio of 
Thick- Hard Zone This Hard- Fillet Area 
ness, Hard- Value ness, to Give This 
Steel In. Ratio ness (HD/10) Sq. In, Hardnes< 
C 0.09 1/, 0.5 sacs 250 0.018 0.52 
Ni 1.96 1/s 1 163 250 0.035 10 
Cu 0.95 1 2 156 250 0.054 1.54 
Cc 0.2 1/, 0.5 350 0.033 0.64 
Ni 1.82 1/, l 165 350 0.052 1.0 
C 0.185 1/s 1 181 350 0.031 1.0 
Mn 1.54 l 2 163 350 0.049 1.6 
C 0.24 1/, 1 180 350 0.064 1.0 
Mn 1.40 1 2 184 350 0.11 1.72 
French and Arm- 1/, 1 170 The increase in plate thickness was equi- 1 HT 
strong’s 2% Ni 11/, 3 oe valent to increasing the welding speed 2.8 
from 5 to 14 in./min, Fillet area 
should, therefore, be inversely propor- 
tional 
At 
AS 
A6 
Table 9—Plate Materials Used by Wilkinson and O'Neill‘ 
Al 
Ref- Plate thickness, Percentage analysis Mechanical properties 
erence inches AS 
c | si | Mn| S | P | Ce | Cu | Yield |Maximum| Elonga- | Reduction 
point, | stress, | tion, per of area, 
| ton: per | tons per | cent percent AY 
sq. in. | sq.in. | 
British Standard | 030| — | — |005 |oos | — | — 23 37-43 | 14min. | 
Specification No. | max. max. | max. min. | on8 | a 
548, 1934, for high- inches: 
tensile structural | 
steels 
C 
Manganese-chromium steels (type MC) :— 
MCA. 1 0-23 | 0:10 | 0-82 | 0-039 | 0-038 | 0-20 0-34 24:12 35:92 | 33 | 60 
MCB. 14 0-23 | 0-13 | 0-94 | 0-031 | 0-042 | 0-32 0-39 23-7 37°1 25-8 49 
MCC. 0-24 | 0-16 | 0-94 | 0-043 | 0-035 | 0-437 0-418 22-4 386° 20° 44 ( 
MCD. 1 0-25 | 0-13 | 0-98 | 0-021 | 0-035 | 0-33 0:36 21:2 369 26°5 57 
MCE. 0-25 | 0-19 | 1-03 | 0-032 | 0-028 | 0-46 0-38 25:8 39-4 30-5 ¢ 59-6 
annealed 360 | 30F 51 
Manganese alloys (type M):— 
MA 12 mm. 0-17 | 0:09 | 1-57 | 0-020 | 0-039 | 0-06 0-28 22:6 35-8 25-6 45 
MB 0-20 | 0-31 | 1-44 | 0-038 | 0-035 | 0-09 0-50 26-4 41-2 22°5 
MC 2 0-21 | 0-15 | 1-42 | 0-036 | 0-033 | 0-08 0:56 | 236 37-0 305 ¢ 56 
annealed 25-7 36°9 30¢ 50 
MD 4 0-21 | 0-12 | 1-48 | 0-029|0-028; — 23-0 37:1 60 
ME 7 0-21 | 0-31 | 1-57 | 0-037 | 0-045 | 0-10 0-51 25:2 44-4 21°5 _— 
MF j 0-22 |-0-16 | 1-76 | 0-028 | 0-038 | 0-03 0-25 26°9 39-9 20 44 L. 
MG 0-22 | 0:10 | 1-64 | 0-027|0-037; — a 25:5 38-6 22 59 0.20) 
MH j 0-22 | 0:29 | 1-54 | 0-032 | 0-048 | 0-09 0-52 26-4 42:0 23 _ 9. 
MI. 0-22 | 0-28 | 1-48 | 0-030 | 0-026 | 0-03 0-05 2 
MK . 0-26 | 0-04 | 1-48 | 0-:024/0-034; — 0-32 24:0 37:7 24 
MLtf 0-26 | 0-06 | 1-25 | 0-031 | 0034; — 0-05 Te 
Nickel alloys (type N):— Ni ifte 
NA 0-14 | 0-12 | 0-55 — 2:29 22-4 32:2 28 
NB 0-22 | 0-13 | 0-65 | 0-027|0-:032| — 1-73 24-7 35-4 22°5 50 6 
NC§ 0-13 | 0-23 | 0-66 | 0-011 | 0-020 | 0-05 3-50 37-7 44-0 30 72 duc 
ND§ 0:27 | 0-15 | 0-48 | 0-009 | 0-019 | 0-05 3-18 35-6 45:3 26 65 eal 
Medium-carbon steel :— 
HC | 0-46 | 0-27 | 0-67 | 0-039|0-039| — 40-45 |! 20-15 aus 
cre; 
Basic mild steel :— 
BMS . | 0-18 | 0-02 | 0-56 | 0-036|0-025| — 16-7 39 56 wel 
of 1 
* Normalized. + Special test pieces ; elongation on 2 inches. } Heat-treated; Brinell hardness number, 290. the 
§ Heat-treated. || Mechanical test values not available ; specified values. 
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Table 10—Description of Covered Electrodes Used by Wilkinson and O'Neill‘ 


Class Description of coating | Properties of all-weld metal 
| Percentage composition Maximum | Elonga- | Reduc- | Izod | Inherent 
| stress, | tion, | tion of | value,| grain size * 
tons per |percent; area, | ft.-Ib.} 
C | Si | Mn | | sq. in. | per cent | | 
HT1 | Titanium oxide, siliceous | 0-06 |0-16 0-53! 38-2 6 
matter, and finely pow- | | | : | 
metal; white as- 
bestos spiral winding 
Cr | Cu} Ni 
HT2 Titanium oxide, siliceous | 0-07 | 0-17 | 0-52 | 0-04 | 0-11 | 0-07 38:7 18 25 28 Chiefly coarse 
matter, and finely pow- ; ¥ (No. 2) 
tal; white as- | 0-08 | 
bestos spiral winding - 
| 
HT3 | Titanium oxide, siliceous | 0-08 | 0-18 | 0-27 | 0-33 | 292 | 33 38 | 65 | Fine. No. 5; 
matter, white asbestos variable with 
fibre ; organic shield | | patches of mas- 
| | | | | sive carbide 
A4 | Iron oxide, siliceous mat- | 0-12 | 0-19 | 0-39 | | 280 | 275 | 380 | $2 | No.4 - 
AS Tits xide, siliceous 0 | | | 
itani ide, sili 0-10 | 0-27 | 0-38 | . , 
27 | 0-38 | | 294 | 29 $2 | 72 | Variable (No. 4) 
A6 Blue asbestos, _close- | 0-07 | 0-08 | 0-21 | 280 | 21 38 «(48 
wound, plus gas shield 0-18 | 0-05 | 0-19 | 278 | 32 51 | SS : (No. 4) 
AT Titanium oxide, siliceous | 0-08 | 0-09 | 0-46 | 309 30:5 | 53 | $7 | (No.4) 
matter; string’ spiral | 
A8 Iron and 0-07 | 0-12 | + @ 47 | — Massive car- 
oxides, siliceous matter ; | bide with 
(No. 2) 
A9 —| Titanium oxide, siliceous | 0-04 | 0-09 | 0-31 | 29-7 | Coarse (N 
finely | | | | 26 42 | 48 Coarse (No. 3) 
dered metal ; string spiral | | 
CA10 | Titanium oxide, siliceous | 0-03 | 0-02 | 0-18 | | 280 | 275 | 40 | 24 | Massive car 
matter, iron oxide; | : | | | bide 
Cil I oor | | 
ron oxide, 8 iat - ‘10! Metal rather | 254 | 15 | 23 , 19 | Massi - 
ter; white asbestos spiral unsound | — with 
winding | | | | | coarse (No. 2) 
Class | British Standard Specifica- | 
a tion 639, 1935 
Covered electrodes for | 28 | 20 | 35 30 
B | welding steel of 33 tons 2 8 86| (18 25 20 
per sq. in. maximum 24 
tensile strength | | 2 8 15 | 10 


® McQuaid-Ehn carburizing test and A.S.T.M. scale. 


|. Limit the carbon content of the steel to 0.15- 
0.20% 

2. Preheat the component parts to at least 200° C 

3. Adopt a slow welding speed, e.g., 7 in. per minute, 
max, 


4. Apply one or more annealing runs immediately 
alter the first run. 

». Use soft mild steel welding rods wherever possible. 

\. The use of austenitic welding rods and the intro- 
duction of an inhibiting element, e.g., titanium, is recom- 
mended.* The effect of titanium is attributed to its 
tendency to form carbides which dissolve sluggishly in 
austenite, and only at high temperatures, thereby de- 
creasing the hardenability. 
‘. For single-run fillets, the use of a relatively slow 
welding speed of 4 to 6 in. per minute, with a fillet size 
of not less than half the thickness of the plate, has given 
the best results as regards cracking. 


oa. F. Wilson, from Babcock and Wilcox, in a private communication sug- 
ges that columbium is generally preferred to titanium as a carbide-inhibiting 
element, since titanium burns out more rapidly during welding 
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Dearden and O’ Neill' have summarized the arc-welding 
conditions to avoid cracking in the heat-affected zone of 
a series of alloy steels of various ‘‘carbon equivalence”’ 
in Table 18. 

To avoid excessive hardening that may cause cracking, 
the German Railways restrict the composition of low- 
alloy steels for welded bridges to a maximum of 0.20 C, 
0.50 Si, 1.20 Mn, 0.55 Cu, 0.1 P + S, according to 
Schaper ;* an addition of 0.30 Mn or 0.40 Cr or 0.20 Mo is 
permissible. 

On the basis of a series of tests, the British Institute 
of Welding Subcommittee R.11 on the Weldability of 
High-Tensile Structural Steels states that crs ucking in 
restrained joints may be avoided if the maximum hard- 
ness and the mean hardness do not exceed 400 HD/10 
and 350 HD/10, respectively. 


Welding Electrodes 


According to Dearden and O’Neill,' using a larger 
diameter electrode, with an appropriately heavy welding 
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Table 11—Pick-Up by Weld of Elements from Parent Plate. Wilkinson and O'Neill‘ 


Electrode Parent plate poe snp speed, Chemical analysis, per cent 
0) per min. 
Type_| S.W.G. | Origin | C Mn Po 
@ of sample | 
A4 6 | Wrought iron, WI 7 Plate os | _ 
mean 
HT2 8 Medium - carbon 7 Plate 0-46 0-67 -- on 
steel, HC Weld 017 0-66 
All-weld | 007 0-52 
| S 
Ci1 - Nickel steel, NA 7 Plate «O14 0-55 0-015 2:29 
| Weld ¢ | 0-09 0-21 _ 1-01 
All-weldt § 0-04 0-10 0-031 Trace 
HT2 |, High-tensile steel, 4 Plate 0-22 1:76 hard i 
F Weld 0-68 ~ 
| All-weld 0-07 0-52 ~ metal 
Citi High-tensile steel, | Plate 1-64 Ace 
G | Weld oo {| — electri 
All-weld 0-04 010 | streng 
Jeme 
” ” steel, | Plate 0-21 1-48 — — 
MD 6 Weld — | 010 
| - amou 
Not stated ® High-tensile steel | ? | Plate 0-21 142 | into | 
‘veld 0-10 0-95 (Mean) reci: 
| 
carb 
* Paterson (1935-6). + Nitrogen content, 0-012 per cent. t Nitrogen content, 0-026 per cent. weld, 
i) For compositions see Table 9 depe! 
2) For compositions see Table 10 trans 
weld 
Table 12—Effect of Plate Composition on Cracking. Table 13—Effect of Cracking. Wilkinson 
Wilkinson and ompasiti 
Steel MF; Thickness, !/, In.; Electrode HT2, 10S.WG." — 
beca 
Electrode, type HT2Z; welding speed, 7-10 inches per Speed of Welding, . cone 
minute; light single-run fillet weld. In. per Min. Reeve Crack Test han 
2 x 
| 7-10 XXXX 
Parent plate Degree of Type of 
cracking _test * For composition of plate and electrode see Tables 9 and | Ta 
Refer- | Percentage com- | Thick- &) — Cri 
ence | Position ness, 
—| inches current so as to lay down a relatively large bead, is the -- 
| C Mn | Ni | recommended procedure for high-tensile steels. How F; 
BMS . | 0-18 | 0: a ; ‘ ever, the danger of excessive distortion if larger size si 
a ah | 0:56 3 Nil | Reeve electrodes are used, should be noted. ins 
NA. | 0-14 | 0:55 | 2:29 4 | Na | Reeve Both Wilkinson and O'Neill‘ and Dearden and 
NB® . 0-22 | 0-65 | 1-73 eG... a O’Neill' recommend the use of austenitic electrodes | 
MA ./| 017 | 1:57) — | xx = 
MF ./| 0-22 | — Table 14—Effect of on Crasking.® Wilkineo: 
| 0:2 | 1:48 4 and O'Neill‘ 
0-22 | 148) — M.S 
MI | 0-22 | Electrode HT2: Light Single-Run Fillet Weld 
ML 0-26 | 1:25 | — Xx Reeve Plate 
| { Cr Thickness, Initial Temperature Reeve Crack 
| Steel In. Conditions rest 
MCB 0-23 0-94 0-32 ¢ XXXX | Reeve MA i/, Cold X 
| 0-46 | 0-67 | ve a Preheated 200° C. N 
ea | 0-46 | O67 ae i XXXX Reeve Preheated 200° C., welded and 
water-quenched from 180° C. 
MF Cold XxX LA 
* 8S.W.G. electrode, }-inch fillet Preheated 200° C. N 
t Electrode CA10, ,-inch fillet; welding speed, 4-6 inches MK 1'/s Cold XXXX 
per mimute,. | Preheated 200° C. N 
@) For compositions see Table 10. NC Preheated 200° C. 
2) For compositions see Table 9. ND ‘Ye Preheated 200° C. Ni 


8) See text for symbols. * For symbols and compositions see Tables 9 and 10. 
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Table 15—Effect of Type of Electrode on the Cracking of Various Plates. 


Wilkinson and O'Neill‘ 


Welding Speed, 7-10 In. per Minute 


Steel NA; Steel NB; Steel MF; Steel MG; 
1/,-In. Plate 1/,-In. Plate 1/,-In. Plate 3/,-In. Plate 
Size of Size of Size of Size of 
Rod, Reeve Rod, Reeve Rod, Reeve Rod, L.M:S 
Flectrode* S.W.G. Test S.W.G. Test S.W.G. Test S.W.G. Test 
HT2 10 Nil 10 XXXX 10 XXXX s XXX 
A7 10 
AQ 10 Nil 10 XXX 10 XXX 
CA10 10 =x 
Cll 


* See Table 10. 


avoid cracking, but call attention to the formation of a 
hard intermediate zone that tends to be notch-sensitive, 
unless precautions are taken to avoid excessive base 
metal dilution. 

According to Johnston,’ high-grade mild steel-coated 
electrodes are generally satisfactory for low-alloy high- 
strength steels, as there is sufficient pick-up of alloying 
elements from the base metal and sufficient reinforcement 
to produce adequate strength in the weld. Wilkinson 
and O'Neill‘ have investigated quantitatively the 
amounts of alloying elements transferred from the plate 
into the weld, as shown in Table 11. There is an ap- 
preciable contamination of the weld metal by phosphorus, 
carbon and nickel, which undoubtedly strengthen the 
weld. The behavior of manganese, however, seemed to 
depend on the type of electrode used, and not much 
transfer was obtained (e.g., electrode C11 in Table 11). 

Alloying elements may also be introduced into the 
weld metal through electrode coatings as ferroalloys or 
metallic oxides. In the cellulosic type of coverings, it is 
possible to reduce the oxides of nickel, copper and molyb- 
denum to the metallic form without much loss to the slag, 
according to Hiemke.’ The method is limited, however, 
because large percentages of alloying elements in the 
covering result in coating thicknesses that make the 
handling of the electrodes difficult. 


Table 16—General Effect of Single-Run Fillet Size on 
Cracking Tests of High-Tensile Steel, Type M.+ Wilkin- 
son and O'Neill‘ 


Fillet} Plate | Ratio | Weld- | Size of Cracking results 
size thick-| T/l ing elec- 
inches} ness speed, | trode, | High- | “A’ | “C” 
2, inches |S.W.G.) tensile | elec- | elec- 
inches per elec- | trodes |trodes® 
min. trodes 
4+ | 4 7-10 10 | XXXX | XXX! Nil 
28 | 7-10 10 | — 
7-10 8 | XXX |XX Nil 
1} 6 7-10 10 | XXxx;| — 
16 | 47 8 | XX — ° 
4 1:3 4-7 6 xX Nil | 
2 | 1-3 2 10 | XX — 
2 4-7 6 XX _ 
1 3 4-7 6 XX _ 
; 1 3 6 xX Nil 
1 6 4 Nil | 


_* Larger fillets than about 3 inch cannot be deposited in 
single runs from electrode C11. ° 
| See Tables 9 and 10 for chemical analysis. 
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Table 17—Independence of Hardness Value and Liability 
to Cracking. Wilkinson and O'Neill’ 


Steel Welding conditions | Cracking | Maximum dia- 
| test mond hardness of 
| intermediate zone 

MK . | 1}-inch plate, cold | XXXX 450-500 
1j-inch plate, pre- | Nil 425-475 


heated 200 deg. C. | 
6 


MI . | Electrode HT3, xX 410-440 
S.W.G. 
Electrode Cll, 8| Nil 490-540 


S.W.G. 
Electrode A, 6 S.W.G, x 


@ See Tables 9 and 10 for composition. 


* Sekiguchi has investigated a series of electrodes, each 
containing one alloying element and covered with a flux 
of 70% CaF, and 30% Ca(OH)s. Single V-butt joints 
in mild steel were made and their soundness was ex- 
amined radiographically. As the content of deoxidizer 
element in the core of the electrode increased (e.g., V, 
Mn, Si, Ti, Al or Cr), the quantity of blowholes in the 
weld metal decreased, but the non-metallic inclusions 
increased also. In the case of coated electrodes containing 
chromium or manganese, many holes appeared on the 
surface of the beads. The authors concluded that the 
use of electrodes containing a higher quantity of de 
oxidizers in the core rod results in fewer blowholes and 
less oxide inclusions in the deposited metal, and obvi 
ously leads to improved mechanical properties. 


Physical Properties of Welds in Low-Alloy Steels 


Report of Subcommittee R.11 of Institute of Welding 


The results of the investigations undertaken by the 
British Institute of Welding on the weldability of high 
tensile structural steels are reported by Reeve.’ The 
tests included both metallic arc butt welds and fillet 
welds. The chemical composition and the mechanical 
properties of the eleven alloy steels studied are shown in 
Table 19. The metallic arc butt welds were made in 
both '/2- and 1-in. plates, using covered electrodes whose 
weld metal composition was 0.06 C, 0.42 Mn and 0.179 
Si. All the butt welds were made without preheating, 
except the 3% nickel plates (steel E, Table 19) which 
had to be preheated to 200° C. to prevent cracking. 

Tensile and Impact Strength of Butt Welds.—For steels 
with an ultimate tensile strength below 78,000 psi., the 
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Table Arc-Welding Conditions to Avoid in the Heat- Weld Mila 
Steel Electrodes.) Dearden and O'Neill! 


| 0.43 per cent. 0.50 per cent. 0.56 per cent. | 0.59 per cent 
| 
| | e.g. C 0.17, Mn 1.6 | e.g. C 0.23, Mn 1.6 e.g. C 0.30, Mn 1.6 ey 0.17, Mn1.50, M, » 0.60 E 
| Prac- Practi-| Prac. Prac P| 
| Min. | tical Min. cal | | Min. | tica. Min. | tical 
_Plate | bead | fillet | bead fillet bead | fillet | bead | fillet B 
“ Phick- Type of area | leg area leg | | area | leg area | leg 
ness Joint sq.in. | length)Pre- jsq. in.| length | | 8q. in. length sq.in. jlength ( 
ins. ins. heat | ins. | ins. | Preheat | | Preheat 
] Butt* .0O17 03 04 — .037 Preheat 
| | to A 
E Overlap or T fil-| .025 a — .045 |} x + | . 037 | } |Preheat | .037 | t | Preheat D 
let | to 200° to 250% 
| | | | K 
4 | Butt® .. - | - | .07 - | .09 | 
| 7 | | | H 
| Overlap or T 037 } - 080 3 — | — | ts |Preheat 
| let | | to 100°C N 
| 
| 
Butt* 04 - .08 1] | - | Preheat Fr 
| | to 100°C 
| 
Overlap or T fil-, .063 | - | 45 .14 Preheat) .11 | Preheat fractu 
let | ito 100 jto 200 show! 
| nate 
| Butt* .. ..| .06 | — - |Preheat|.11 | — [Preheat 
| | to 100°C | to 200°C altho 
| 
Overlap or T fil-| .093 | Preheat | .11 | qe |Preheat | .11 | jg |Preheat 
let to 100° C to 200° C| | jto 250° C Fo! 
“*The weld bead nee refers to the minimum size which must be copes as a hong” SS” 
Table and Properties of High- Tensile Steel Plates Used by 1/,-In.-Thick Plate 
oat 
| Analysis (Per cent.) \Ult. =| Yield | | Red. | Elong.| Izod 
. = ——~—| Strength | lon 8 in/ft.-lbs 
Code| Type of Steel Cc Mn | P 16 Cr Ni cu | Mo | ze \T/in.? | T/in.* | ym | % 
| 
E | 3% Nickel 0.31 \0.59 3 .22 10. |o-040)0.041 041 - 13.12 } — | — | 42.2 | 29.8 | 46.3 | 21.8 34 
| i 
| | | 
B | Carbon manganese | 
0.30 % max. C. {0.21 055/0.038) 0.52 | 39.9 | 25.6 | 54.8 | 23.5) 48 
P | High carbon Ni Cuj0.20 0. 170/0. 01810.031) — {1.93 41.05 | 39.2 | 27.7 | 42.2 | 17.5 49 
| 
| 
C | Admiralty ““D” |0.238)1.40 — |0.07 |0.04 | — | 37.5 | 25.4 | 69 2 | 22.3 | 72 
| 
A | Carbon manganese). 18/|1.54 |0.087)0.038)0. 046) - | — | 36.3 | 22.5 | 60.3 | 24.1) 49 
0.20% max. C. |0.19 | | | | 
| | 
G | Cr. Mn. Cu. 0.184/0.82 |0.067 0.021,0.036/0.83 |0.03 10.309) — | 34.6 | 24.2 | 53.5 | 23.7 66 
er | 
D | 2% Nickel 0.195)0.68 |0.11 0.015)0.031| 2.44 -- — | 34.5 | 24.1 | 51.8 | 24.5 | 56 
K | Cr. Mn. Si. Zr. 0.11 (0.55 0.78 (0.012/0,023,0, 45 — | — 10.10] 33.0] 22.3 | 59.7 | 27.2 | 65 
H (Cr. Cu. Si. P. 0.08 0.28 |0.457)0. 1490. 0330. 82 - 0.40} — | —] 31.9] 22.8 | 55.5 | 27.0 | 63 
| } 
N_ | Low carbon Ni. Cu/0.09 10.135 — }1,.96 |0.95 | 31.9 | 24.3 | 59.4 | 26.2 
| 
Cu. Ni. Mo. 0.065)0.60 |0.03 0.01010. 024 )1.3L 11.13 |0.10 | 31.4 | 24.5 | 45.4 25.0 
WELDING RESEARCH SUPPLEMENT JUNE 


Mild | = Table 20—Mechanical Tests on Arc Butt-Welded Plate (Tensile and Impact) 1-In.-Thick Plate. Reeve’ 
‘Ult. T in.? Y ield in.? | Izod Value ft.-lbs. 
Code Type of Steel. | 
fs =r | Us | Butt | Diff. | Un- | Butt | Diff. | Un. Butt | Diff. | June- | Diff. 
n welded weld | welded weld ‘ween weld | tion 
Mo 0.69 F , Nickel . | 40.0 | 36.5 | -3.5 28.3 | 27.9 | -0.4 | 34 | 39 + § | 45 11 
Pp | High carbon Ni Cu | 39.7 | 38.2 | -1.5 | 27.7 | 28.5 |+0.8 | 30 | 8 14 1 42 |+12 
B | Carbon manganese 0.30%, max. c 38.6 | 38.6 | 0.0 | 23.1 | 22.9 | 0.2) 41 | 42 |+1 | 44 |+ 3 
| | | | | 
| | | | 
Deed ( Admiralty “DD”... a ..| 38.4 | 36.2 | —2.2 | 24.4 | 23.3 | -1.1 | 62 | 29 —33 74 12 
reheat | | 
| 
Pea G Cr Mn Cu .. ‘8 - --| 35.2 | 38.2 |+3.0 | 21.3 | 24.0 |+2.7 | 59 35 | -24 60 " 
reheat | 
0 100° A. Carbon manganese 0.20% max. C| 33.4 | 34.0*'+0.6 | 20.9 | 17.6 | -3.3| 51 | 44 7 | 586 |+5 
I D 2% nickel ‘| 32.9 | 32.9* 0.0 22.9 | 2] = l 3 52 20 | _39 57 
» 250° 
K Cu Mn Si Zr - he ‘ok eee | 31.4*| 0.0] 19.5 | 19.1 | -0.4 49 23 26 55 i+ 6 
, 
H | Cr Cu Si P ..| 31.2 | 31.3*/+0.1 20.1 | 16.4 | -3.7| 26 33 | +7 97 |+71 
reheat | 
) 100° ¢ N Low carbon Ni Cu - ..| 30.9 | 30.7*| -0.2 | 23 2] 21.8 1.4 38 53 1415 104 66 


‘eg * Fractured in plate. 


eg fractures generally occurred in the parent plate, as square, 75 mm. long) were used, with the notch placed 


es shown in Tables 20 and 21; of the steels having an ulti- in either the center of the weld or in the weld junction 
r mate tensile strength above that value, three — The welds were considerably more brittle than the parent 
pcg welds weaker than the plate (C, E and P in Table 20 plates, but in the weld junctions the impact values for 
-3 although some of these welds exceeded 85,000 psi. in many steels were much greater than those of the parent 
a tensile strength. (Nore: The author attributes these plates. As all-weld-metal showed an ifmpact value of 62 
~oneph results to poor quality rods.) to 71 ft.-lb., there is no basis or evidence to account for 
sad For the impact tests, Izod test specimens (10 mm. _ the abnormal brittleness of the welds. 
Table 21—Mechanical Tests on Arc Butt-Welded Plate (Tensile and Impact) ' .-In.-Thick Plate. Reeve 
ate | Ult. Strength T in.* |Yield Strength T/in.? | Izod Value ft. -Ibs. 
3 re | Un- | Butt Diff. | Un- | Butt | Diff. Un. Butt | Diff. i June-; Diff. 
: iolens welded, weld | welded, weld | welded weld | | tion | 
| E| 3% Nickel.. ..  .. | 42.2 | 36.4 | -5.8 | 29.8 | 28.5|-1.3| 34 | 21 |-13 | 43 |+ 9 
| 
B Carbon manganese 0.30% max. C.) 39.9 | 38.3*| -1.6 | 25.6 | 25.1 0.5 | 48 | 42 | -6 | 44 |/-4 
| | | 
P| High carbon NiCu ..__..| 39.2 | 40.5*/41.3 | 27.7 | 28.4/+0.7| 49 | 37 |-12 | 70 [+21 
| | | | 
4 C| Admiralty “D” .. .. $7.5 | 35.7 | -1.8 | 25.4 | 26.4/+1.0| 72 | 29 |-43 | 73 | + 1 
A} Carbon manganese 0.30% max. 36.3 | 34.9 | -1.4 | 22.5 | 22.6 49 | 24 |-25 | 44 |-5 
| | | | 
| “9 "7 Cr Mn Cu .. 34.6 | 34.5%] -0.5 | 24.2 | 23.9/-0.3] 66 | 26 | -31 88 | 22 
| | 
ee ai 2% nickel . | 34.5 34.5%} 0.0) 24.1 | 23.8 | -0.3 56 | 32 —24 ; 85 29 
| 
| K|} Cu Mp Si Zr as és ..| 33.0 | 32.4%) -0.6 | 22.3 | 21.2 | -1.1 65 | 29 | -36 | 116 | +51 
56 | | 
| 
H| Cr Cu Si P ..| 31.9 | 32.7*|/+0.8 | 22.8 | 23.1 /+0.3 |) 63 | 15 | -48 | 94 31 
65 
N| Low carbon Ni Cu _ ..| 31.9 | 31.1%] -0.8 | 24.3 | 23.4); -0.9 | 76 38 | —38 | 105 29 
63 | 
| | 
L| CuNiMo.. .. 81.4] 30.3%) -1.1 | 24.5 | 23.1 /-1.4) 58 | 48 | -10 | {+13 
t } 
) | 
*Fractured in plate. 
od 
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Table 22—Mechanical Tests on Arc Butt-Welded Plate 
(Bend). Reeve’ 


Bend % Bend Elongation Between Successive 
Angle Gage Marks 
Code* Mean A B = D E 
'/,-In. Thick Plate 
K 86° 23.5 17.5 14.5 13.6 12.5 
B 148° 15.0 16.5 34.0 20.0 14.5 
P 60° 1.0 11.4 31.0 16.0 1.5 
C 60° 23.5 18.7 16.2 13.9 11.9 
A 180 19.0 21.0 22.0 21.0 20.0 
G 180° 18.5 21.2 21.2 22.2 20.5 
Db 59° 2.5 15.0 29.0 16.4 2.5 
K 126° 20.2 19.0 19.9 18.4 17.4 
H 180° 19.5 22.2 19.0 22.0 20.0 
N 117° 22.0 20.2 20.7 19.6 17.9 
I 154° 18.0 25.0 18.5 24.0 19.5 
1-In. Thick Plate 

1D 33° 13.3 11.0 9.0 7.5 6.2 
P 23° 0.0 3.7 16.0 6.0 0.0 
B 42° 2.9 9.0 19.0 9.0 3.0 
Cc 42° 20.0 16.5 13.2 it 2 9.2 
G 42° 2.3 9.2 19.3 9.7 2.7 
A 152° 15.0 23.0 18.0 23.0 17.0 
D 35° 2.7 7.3 10.9 Pr 1.3 
K 70° 20.7 19.3 18.0 16.3 14.0 
H 64° 4.3 14.7 18.3 15.0 4.3 
N 67° 25.7 22.0 19.7 16.7 13.8 


* See Table 19 for chemical analysis 


Bend Tests of Butt Welds.—The bend-test specimens 
with a width 1'/, times the thickness of the plates, were 
bent around a former whose diameter was 4 times the 
plate thickness, with the wide side of the V on the out- 
side. The results are shown in Table 22. The mean 
bend angle values are indeed low. In the '/2-in. plates, 
only steels A, G and H (Table 22; for composition see 
Table 19) reached an angle of 180°, while in the 1-in. 
plates only steel A gave a 180° bend angle in two out of 
three tests. Fracture in most cases occurred in either 
the weld or the weld boundary. 

Hardness and Cracking Tests of Fillet Welds.—The re- 
sults of hardness and Reeve cracking tests on fillet welds 
in the above steels are shown in Tables 23 and 24. In 
general, the maximum and mean hardness at the weld 
junction increased as the weld fillet size decreased, the 
effect being more pronounced in higher strength steels. 
Cracking in the hardened zone occurred in steels B, C, 
G, E and P (see Tables 23 and 24) in both thicknesses, 
where the hardness exceeded 400 HD/10, and in the weld 
itself in the case of the smallest fillet on the 1-in. plate D. 
In specimens from the '/2-in. plate D and in both thick- 


hardnesses slightly exceeding 400 HD/10. 

from the lower strength steels (K, H, N an 
19), whose maximum and mean hardness \ 
below 300 HD/10, showed no signs of crack; 


pecimens 
Table 
Were 


hardened zone, In the l-in. steels K and N (1 ‘ble 
cracks developed in the weld metal proper, cominencin, 
from the root of the weld. The use of large qj; meter 
electrodes to secure high penetration seemed to affect 

reduction in the maximum hardness at the weld june. 


tion, as shown in Table 25. 
Applying the “carbon equivalence”’ relationship de. 


veloped by Dearden for calculating the weld } irdness 


ELONGCAT/ON 


TEST 


> 8 
TEMPERATURE F (prenear) 


(100 
1200 


MAXIMUM HARONESS ~ HEAT AFFECTED. ZONE 


TEMPERATURE TF (PRENEAT) 


Fig. 7—Effect of Application (Preheat) Temperature on Weld 


. Test Results of Experimental Steels. Harter, Hodge and 
nesses of plate A, no cracks have developed at maximum Schoessow"”’ 
Table 23—Hardness and Cracking Tests. '/,-In.-Thick Plate. Reeve’ 
Small Fillet Size Max. Medium Fillet Size Max. | Large Fillet Size | Max 
Code size ,Rootpenetra- jAverage hard- HD/ rillet Root penetra-| Average hard | HD/, fillet size Root penetra-; Average hard- HD 
ns. tion mms. ness HD/10 10 ins. tion mms. ness HD/10 10 |__ ina. tion mms, ness HD/10 | 10 
H v H Plate ; Weld ;Junc H H Plate; Weld; Junc. ~H | H |Plate Weld , Jane. jun 
E* |0.29 }0.25| —0.02| -0.01| 250) 045) 672) 0.31) 0.20) -0.0z| -0.02| 218] 284) 555) 599) -v.01| 204) 248 585 
B {0.28 |0.21| -0.50| -0.50) 184) 227) 415) 446) 0.33) 0.29) 1.24) -1.21| 189] 236) 356) 483/0.41/0.44|-1.33 |-1.78] 193] 223) 340) 394 
P {0.28 }0.24/+4 0.2 |+0.1 | 197) 244) 436) 0.36) 0.30) -—0.5)-0.3 | 194} 236) 420) 488) 0.43] 0 39) 1.1 |-1.2 | 208} 233) 387) 442 
C 10.27 |0.21 181} 245) 416) 468) 0.35/ 0.23 178) 214) 379) 442) 0.44/ 0.30; -0.8 182) 218) 336) 429 
A }0.31 0.17} 0+0 |-—0.08] 180} 230) 369] 401) 0.36) 0.26) -0.5 |-0.6 | 177] 215) 304) 3801045 0.28) -0.8 |-0.5 | 186} 215] 260) 354 
G |0.32 |0.30|-0.8 |-0.9 | 170) 233) 387] 455) 0.34] 0.33) -0.7 |-0.8 | 169) 241] 376) 433) 0 34) 0.34) -1.4 |-1.3 | 165] 236) 362) 433 
D |0.28 |0.24| -0.2 |-0.4 | 177] 238] 370} 417] 0.30) 0.27|—0.2 |-0.9 | 173) 232! 355] 383 | 
K /0.29 10.25) -1.06) 167} 260) 254] 287/ 0.31) 0.31) -1.33|0 90 | 163) 256) 239) 264/ 0.45) 0.42) 1.63] -2.31} 169] 217) 215) 232 
H |0.34 -0.5 |-0.5 | 162) 227) 250) 270) 0.34) 0.31) -1.3 |-0.7 | 165] 233] 248) 270] 0.39] 0.40] -2.4 |-2.1 | 162] 255] 238] 25s 
N |0.25 |0.25| -0.4 | -0.3 | 164) 237) 249] 269) 0.28] 0.28) -0.7 |-07 | 162] 231] 240) 271/0.31| 0.28)-0.8 |-07 | 159] 223] 233] 249 
0.25 10.25! -0.6 |-0.6 153] 247) 246! 271'0.28) 0.28'-1.4 |-05 | 154! 235] 232! 268! 0 28] 0.31'-2.0 |-1.1 1561 233) 253 


Note ;—Black tigures of maximum hardness in weld junction denote that the specimen cracked in this zone 


* Mild steel electrode use«l. 
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Carbon-Manganese Steels 


Bend Tests 


Harter, Hodge and Schoessow 
have investigated the bending quali- 
ties of a series of arc-welded man- 
ganese steel plates, '/, and 1'/» in. 
thick, as a criterion of their welda- 
bility. The welds consisted of single 


10 


beads deposited from 


MANGANESE 1.20 1.28 108 62 90 se condition, ranging from 0.22 to 0.52% 

C, and 0.43 to 1.64°, Mn. The 
Kz 30F beads were machined flush with the 
|S surface, and the specimens were bent 
sob 
b with the weld surface in tension; both 
“free-bend” and ‘‘controlled-bend”’ 
sl or mare tests (in a jig) were made. The effect 
4 xd TK of chemical composition on the bend 
SPECIMEN- A 2 c D ductility is shown in Table 27; as 
CARBON % 2) rT) 23 Sa the carbon content of the steel is im- 
MANGANESE 
= creased its bend ductility is de- 
4ook . THICK creased. Also the Charpy impact 
| strength decreases as the carbon con- 
. . 
ook x THICK tent is raised. 
Che effect of preheating the above 
zoo} SERIES TI plates to temperatures up to 750° F. 
; on the bend ductility is shown in 
100 ~ ~ Table 28 and Fig. 7. The effect of 
CIMEN.~ A 2 fF 4 J thickness » plates i 
22 24 .26 34 35 42 a; the of the plate shown 
MANGANESE 20 1.28 108 ‘92 90 pas v2 pa in Table 29. By way of illustration, 
"Hick. the steel plate containing 0.24 
rare 500}- 4 C, 1.28 Mn and 0.15 Si showed a 
ei SERIES I bend ductility of 26%; the 1'/2-in. 
WwjtOOF P plate of the steel had only a 5°, bend 
z= elongation. 
Barr'' reports that metallic are 
butt welds in '/:-in. C-Mn plates could 
x T be easily bent to 180° without any 
3 SPECIMEN - A 8 D 
CARBON ay ry as ae signs of cracking. The plates con 
MANGVESED 104 108 tained 0.25 C, 0.13 Siand 1.5 Mn and 


Fig.8 
Experimental Steels. 


(per cent carbon equivalent = C + Mn/6 + Ni/6 + 
Mo/4 + Cr/5 + Cr/13; see discussion on Weld Hard- 
ness above), the authors found good agreement between 
the calculated and experimental hardness values of the 
0).045-sq.-in. fillets, as shown in Table 26. 

On the basis of the reported results, the steels which 
can be regarded as fully weldable, that is, those in which 
there is complete absence of weld cracking in the plate 
independent of the size of the weld deposit, were as fol- 
lows: (1) the carbon-manganese steels, containing 1.5% 
Mn and 0.20% max. C (Code A in Table 19); (2) the 
2% nickel steels (0.20% C), but only in the '/, in. plate 
thickness (Code D in Table 19); the Cr-Cu-Si-P steels 
(0.08% C; Code H in Table 19); the low carbon (0.09°%) 
nickel-copper steels (2% Ni, 1% Cu; Code N in Table 
19); the Cu-Ni-Mo steels, but only in the '/2 in. thick- 
nesses (1% Cu, 1.5% Ni, 0.10% Mo; Code L in Table 
19); the Cr-Mn-Si-Zr steels (0.55% Mn, 0.78% Si, 
0.45% Cr, 0.10% Zr; 0.08% C; Code K in Table 19). 

In general, the Committee recommended for the suc- 
cessful welding of these steels that the first run of weld 
metal in fillets be as large as possible, so that the mean 
hardness in the weld junction may not exceed 350 HD/10. 
Increasing the size of the fillet deposited with the first 
run, reduces the mean and maximum hardness, and de- 
creases the tendency toward cracking. 


1943 


Effect of Thickness of Parent Metal—'/, In. vs, 1!/,In.— on Weld Test Results of 
Harter, Hodge and Schoessow"™ 


WELDING LOW-ALLOY STEEL 


were vee butt welded with multi runs 
of an 8-gage electrode containing 0.09 
C, 0.15 Si, 0.50 Mn and 0.40 Mo 
The specimens were tested so that 
the welds were in maximum stress. Similar results 
are reported by Reeve’ on a steel containing 1.54 Mn and 
0.19 C ('/s-in. plate); the 1-in. plate of the same steel, 
however, bent only to 152° (see Table 22). Further 
more, the latter author reports that even a '/,-in. plate 
containing 0.21 C and 1.41 Mn bent only 148” before 
cracking. 


Hardness and Cracking Tests 


The maximum Brinell weld hardness values obtained 
by Harter, Hodge and Schoessow” in their single-bead 
metallic-are weldability tests of a series of carbon-manga- 
nese steels (0.21-0.52% C, 0.43-1.64°% Mn) are shown in 
Table 27. Critical hardening resulted when the carbon 
content exceeded about 0.40%. The effect of tempera 
ture on the maximum weld hardness of the above steels 
is shown in Table 30; thus, a 0.28 C and 1.08 Mn steel 
attained a maximum hardness of 252 Brinell when 
welded at room temperature (75° F.), but reached a 
hardness of 340 Brinell if precooled to 40° F. Similar 
effects were experienced, according to the authors, in the 
construction of the Boulder Dam, where similar steels 
were welded satisfactorily in the spring (80° F.), but 
cracking difficulties arose when the temperature dropped 
to 40-60° F. By virtue of the same effects of cooling 
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Table 24—Hardness and Cracking Tests. 1-In.-Thick Plate. Reeve’ 
Small Fillet Size Medium Fillet Size _|Max. Fillet Size --, 
Code — size , Root penetra- Average hard | HD/.| Fillet size; Root penetra-) Average hard- | HD/. Fillet size, Root penetra-, Average ard. | rr 
ns. tion mms. ness HD/10_ 10] ins. | tion mms. | ness HD/10 | ins. | tion mms, ness HD/i9 
H V H Plate | Weld; June.) H Vv | V|Plate; W ro H | H V | Plate Weld jun >> 
| on | on | | 

P /0.31) 0.29)4+-0.3 | 211] 262) 445) 473 |0.38|0.39] 0.0 | 0.0 | 220) 243) 427| 473) 0.46) 0.39) -0.2 |-0.4 | 217] 245) 41, 47 
B |0.29) 0.23}4-0.1 | -0.35) 177) 420] 5080.39 |0.33] -0.7 |-0.6 | 181] 244} 410] 459] 0.49) 0.49] -0.7 |-1.1 | 180] 23)! 329 
|0.35) 0.26 189| 249| 427] 478 |0.44 |0.32| -0.3 |+0.08] 177} 207| 383) 429) 0.45] 0.34]-0.6 |-0.5 | 187] 22° $6] 
G {0.30} 0.33) -0.8 | 171] 252) 436) 478 0.38) -0.9 |-1.1 | 162| 252) 403) 450) 0.39) 0.46) —1.65) -2.1 | 159) 249) 309 46s 
A |0.34) 0.23)-0.3 | -0.4| 166) 240) 356] 383 |0.44/0.33) -0.8 |-0.7 | 157) 225) 282) 342) 0.49] 0.34) -0.7 |-0.9 | 167] 221) 
D 10.34] 0.22} 0.0 0.0} 172) 276) 394) 0.0 | 174| 245) 350) 401 
KK |0.35) 0.24) -0.8 | -0.64) 158) 248) 257} 287 /0.35 |0.24/ -0.5 | -0.86] 162) 248] 241) 264) 0.48] 0.44) -0.9 | -1.22] 168] 236) 229) 
H |0.31}0.32)-0.6 | -0.5| 148) 260) 294) 455 |0.40 0.35} -0.6 |-0.6 | 152) 236) 260) 397) 0.41) 0.45) -1.6 |-1.3 | 154) 237) 246) 
Hx**/0.34] 0.38/+ 1.0 |+1.6| 150] 238] 225] 242 |0.36 |0.38] 145] 237) 227; 240) — | — — 
N /0.34] 0.25'+0.3 |4+0.2| 154! 249' 251' 280'0.38!0.34/-0.5 0.0 | 157| 243) 236' 265! 0.38) 0.34) -0.2 |-0.2 | 156) 232) 229! 


*Specimens preheated to 200° C. betore welding. 


**Repeat tests on Steel H. These values for small and medium sized fillets should be referred to in place of abnormal 


figures for H steel. 


Black figures of maximum hardness in weld junction denote that speci men cracked in this zone. 


velocity, also the thickness of the plate plays an un- 
portant role in the maximum weld hardness attained; 
thus, as shown in Table 29 and Fig. 8, all the 1'/2-in. 
thick plates were characterized by extreme hardness and 
low ductility. The 0.28 C and 1.08 Mn steel, spoken of 
above, attained a Brinell hardness of 252 at room tem- 
perature in the '/>-in. thick section, and 381 Brinell in the 
1'/s-in. section. 

The maximum weld hardening of a series of steels 
containing 1.03-1.59% Mn and 0.09-0.44% C is shown 
in Table 31, as reported by French and Armstrong? in 
their single-bead weldability tests on '/2-in. plates. These 
authors have also investigated the effect of increasing 
the carbon content on the maximum weld hardness of 
1.5% manganese steels, as shown in Fig. 2. 

Barr! investigated the effect of electrode size on the 
maximum weld hardness of a steel containing 0.25 C, 
0.13 Si and 1.50 Mn. The tests consisted of single-run 
metallic-arc beads deposited on '/4-, '/2- and 1-in. thick 
plates, from electrodes of three different gages, as fol- 
lows: (1) °/se-in. diameter electrode at 25 volts, 140 
amp., (2) '/4-in. diameter electrodes at 30 volts, 240 
amp. and (3) 5/j»-in. diameter electrodes at 35 volts, 
340 amps. The electrodes contained 0.09 C, 0.15 Si, 
0.50 Mn and 0.40 Mo. The results, shown in Table 32, 
indicated the marked decrease in hardness as the size 
of the electrodes is increased from °/3. to '/, in. and 


5/1, in., resulting undoubtedly from the larger heat input 
and the consequent lower cooling rates. Similar results 
were also obtained by the author in Reeve cracking tests 
on the '/s-in. plates, using small gage (°/3:-in.) and larg 
gage ('/,-in.) electrodes; with the '/s-in. diameter elec. 
trodes the hardening was greatly diminished and cracking 
was practically unknown. Using smaller gage elec. 
trodes on single-run restrained fillet welds, however, 
resulted in cracks near the boundary, along the vertical 
leg of the fillet, in the narrow zone of the base metal ad 
jacent to the weld boundary. The boundary showed a 
martensitic structure and had a Vicker Brinell Hardness 
of over 400. The author states that cracking occurred 
only when the hardness exceeded 350 Brinell. By pr 
heating the single-run fillet welds to 200° C., the hardness 
was lowered to 292 Brinell, and cracking was completely 
eliminated. 

The effects of plate temperature, plate thickness and 
type of joint on the hardness and cracking characteristics 
of fillet welds, are also illustrated in the tests of Dearden 
and O’Neill' on a '/2-in. steel plate containing 0.16 C 
and 1.43 Mn, as shown in Tables 33 and 34. For the 
fillet size tested (0.035 sq. in.) there appeared to exist an 
inverse linear relationship between the hardness of the 
hard zone and the preheating temperature. Up to a 
plate thickness of 2 in., preheating to 100-200" C. was 
sufficient, although 200° C. is good to aim at. The type 


Table 25—Hardness and Cracking Tests Using Large Gage Electrodes. Reeve’ 


| 


Fillet Size (ins?) 


Leg Length 


| Hardness at 
| Junction 
Test | Type of Elect-| Diam. | Volts | Amps |Timefor| Length —_____} 
No. rode ins. | | 6’ Runjof Elec-||Vertical) Hori- VH From | By Mean | Max 
| | secs. | trode |/V (ins) | zontal 2 | vol. of | plani- || Hp/,,| Ho 
| Used | H (ins.) electr'de| meter || 
1 | Shielded Arc.| 0.25 | 32 | 270 | 55 | 8 | 0.30 | 0.35 | 0.052 | 0.065 0.116 |) 276 | 312 
2 Shielded Arc. | 0.156 26 140 | 130 21 0.31 | 0.30 0.046 | 0.066 | 0.063 || 328 357 
| | 
3 | Shielded Arc. | 0.156 | 26 | 140 | 75 | 12.5 | 0.19 | 0.29 | 0.027 | 0.039 | 0.047 || 397 421 
4 Z 0.160 | 26 140 | 7 | 10.5 | 0.25 | 0.28 | 0.035 0.035 | 0.047 | 397 421* 
| 
5 Z 0.232] 26 | 220 | 70 | 9 0.30 | 0.35 | 0.053 | 0.064 | 0.078 322 | 366 
| } | | 
¥.. Z 0.276 | 27 | 280 | 65 | 7 0.35 | 0.43 | 0.075 | 0.070! 0.109 || 312 | 357 
* Specimen cracked. 
242-s WELDING RESEARCH SUPPLEMENT JUNE 
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Table 26—Hardness Values of Fillet Welds Calculated from the ‘‘Carbon Equivalence’’ of the Steels. Reeve’ 


Carbon Mean hardness at weld junction. Hp 
Equiva- |- —_ — . 
Type of Steel | Code |Thickness| alent % | 8/4 8/8 8/12 4/8 | 4/12 4/16 
Carbon Manganese | A sin. | 0.441 256 311 371 
(C. 0.20 per cent. max.) lin. | 0.423 285 333 360 
Carbon Manganese | 6B kin. | 0,445 340 375 
(C 0.30 per cent. max.) | lin. | 0.462 . 356 414 423 
Admiralty D. | Cc sin. | 0.471 325 380 415 
lin. | 0.463 | 372 402 427 
2 per cent. Nickel D 4 in. | 0.471 345 375 - - 
lin. | 0.472 336 358 380 
3 per cent. Nickel EK sin. | 0.616 543 536 
I in. 0.608 
Cr-Mn-Cu G 4 in. 0.472 356 386 
lin. | 0.510 . 390 440 
| 
Cr-Cu-Si-P | H in. | 0.365 238 248 
1 in. 0.379 246 280 
Cu-Mn-Si-Zr K § in. 0.292 215 245 264 
Lin. | 0.302 228 | 247 261 
| 4 
Cu-Ni-Mo L 4 in. 0.368 230 250 
Low Carbon Ni-Cu N sin. | 0.357 240 266 
1 in. | 0.352 - = 225 » 245 260 
| 
High Carbon Ni-Cu P | hin. | 0.527 420 444 
lin. | 0.535 420 436 445 
Cr-Cu-Si-P | HX| Jin. | 0.350 226 


* For chemical analyses see Table 19. 


Table 27—Effect of Composition on Weldability of C-Mn Steels. Harter, Hodge and Schoessow'’ 


Bend Test Brinell Hardness —————Weld Quench Tests* 
1/, In. Thick, % Max. Hard- Charpy Charpy 

Steel Chemical Composition Elongation of Original ness—Heat- Impact of Impact Hardness 
Designa- a Mn, Si, Surface with Normalized Affected Normalized Weld Weld 

tion % % % Weld Bead Plate Zone Platet Quench f Quench 
Series I 

I-A 0.22 1.20 0.16 36, 34 162 240 15.0 24.0 195-200 

I-B 0.24 1.28 0.15 21, 26 179 260 27.0 17.0 219-296 

I-C 0.28 1.08 0.20 21, 23 170 252 23.2 7.6 254-296 

I-D 0.34 0.82 0.16 13, 13 175 265 9.0 3.5 235-254 

I-E 0.33 0.90 0.18 17, 25 185 265 19.7 6.8 204-235 

I-I 0.41 0.73 0.18 16, 1: 179 280 15.0 6.7 219-244 

I-G 0.42 0.72 0.12 15, 15 179 288 12.5 2.5 235-273 

I-H 0.47 0.59 0.12 8, 8 205 313 7.2 4.3 219-254 

I-J 0.49 043 £0.16 7, 6 195 313 9.0 3.0 254-286 
Series I] 

II-A 0.21 1.64 0.21 24, 16 179 280 12.0 19.0 176-235 

II-B 0.39 1.05 0.17 9, 9 200 447 17.0 4.0 308-394 

II-C 0.43 0 93 0.1: 18, 11 195 280 13.0 4.3 998-254 

II-D 0.52 0.71 0.14 3, 4f 205 340 7.5 1.7 286-414 


* Bruckner, W. H., “The Use of the Charpy Test and Method of Evaluating Toughness Ajdacent to Welds,” A.S.T.M 
| Average of three specimens. Specimens are one-half width of standard Charpy specimen, 
t Longitudinal crack through weld on cooling. 
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of joint (Table 34) affects the weld hardness only in so far 


occurred in the base metal and were visible 


it 
as it varies the cooling rate of the plates. The tendency toward cracking was measured j; ool 
Reeve,’ reporting the work of the British Institute of clamp test (Miiller) in which two sheets are but; welded 
Welding Subcommittee R.11 on the Weldability of High- while gripped in a rigid frame, and the percent, ,; of the 
Tensile Structural Steels, has arranged in tabular form length of the weld occupied by cracks is called jj; “ore P 
the minimum fillet sizes required to prevent cracking in sensitivity.’’ The author’s conclusions as to thy Pate, 
steels containing 1.4-1.6° manganese and 0.20-0.30% of cracking are essentially the same as those fo; similay 
carbon, and the variation of the fillet size with the plate carbon-molybdenum steels, namely; (1) cracks me 
thickness and composition, as shown in Table 35. Thus, caused by gaseous water vapor or H2S, (2) the prob ibility 
by way of illustration, a fillet size of only */, in. (0.020 of cracking is greater in steels of higher aidleoe tents +e 
* sq. in. run* area) is allowed in a '/,-in. plate (1.54 Mn, and (3) finishing the steel in the basic open-h« rth fur. 0 39 
of 0.20 C, maximum), whereas in a l-in. plate of the same nace at high temperatures removes FeO and Myo 0.14 
% steel a */,-in. fillet (0.080 sq. in. run* area) can be made thereby lessening the cracking tendency. Thx experi. 0.19 
‘ad without danger of cracking. mental results are shown in Table 36. “yr 
Werner” investigated the crack sensitivity of gas- 
bi welded thin carbon-manganese sheets used for aircraft Fatigue Tests 4 
construction (0.20-0.30 C, 1.0-1.5 Mn). The cracks Wilson, Bruckner, Coombe and Wilde! investigate tI 
* Volume of metal used divided by run length the fatigue strength of metallic are butt welds in '/,jp, 43 
4 Table 28—Effect of Plate Temperature on Weldability of C-Mn Steels. Harter, Hodge and Schoessow' 
a '/,-In. Thick Plate Specimens. Values Represent “2 Elongation in Bend Tests 
Steel Designation* O° F. 32°F. 40°F. 50°F. 75°F. 110°F. 150° F. 300° F. 450° F. 750° F. 1000°F 1200°F 
Series I 
3 I-A aie 36, 34 
I-B 2,2 21, 26 
1-C 3,4 13 21 21, 23 ‘4 
, I-D 13, 13 14 20 22 24 
I-E 3,4 17, 25 
é I-F 3.4 16, 13 15 20 
I-G 3,2 15,15 
a I-H 8, 8 7,9 9,10 ye 6, 7 7,10 13 ; 
I-J 3.4 
Series II 
II-A 24, 16 
II-B 2,1 19,3 9, 9 
a II-D 3, 4 4,2 4, 4 4,4 4,4 10, 5 10 
- * See Table 27 for chemical analysis. 
Table 29—Effect of on Weldability of C-Mn Steels. Harter, Hodge and 
% Elongation of Outer Fibers of Bend Test Specimens 
Steel Designation * I-A I-B I-C I-D I-E I-F I-G I-H I-J II-A II-B II-C II-D 
"1 1/, in. thick 36 21 21 13 17 16 15 8 7 24 9 18 
‘ 34 26 23 13 25 13 15 8 6 26 9 11 1 
2 1'/, in. thick 14 5 8 3 6 4 3 3 3 + 3 3 D 
if Max. Brinell Hardness of Heat-Affected Zone 
‘ Steel Designation I-A I-B I-C I-D I-E I-F I-G I-H I-J II-A II-B II-C [I-D 
“f 1/, in. thick 240 260 252 265 265 #280 288 £313 ~ 313 280 447 280 340 
. 1'/, in. thick 300 340 381 436 340 370 414 436 447 381 518 470 342 


* See Table 27 for chemical analysis. 


and Schoessow’’ 
g Steel Values Represent Maximum Brinell Hardness of Heat Affected Zone 
Designation* O°F. 32°F. 40°F. 50°F. 75°F. 110°F. 150° F. 300° F. 450° F. 750° F. 1000°F. 1200°F 
Series I 
I-A TT 240 
I-B 5A2 260 
I-C 360 340 296 252 265 re 
% I-D ve 265 272 265 265 246 
I-E 370 265 
ss I-F 414 kad 280 258 258 
ie I-H a 313 296 288 272 272 258 235 200 
I-J 331 313 
Series IT 
’ II-B 5A2 494 447 
II-D 340 331 313 313 304 288 263 : 


See Table 27 for chemical 
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Table 30—Effect Plate on Weldability of ‘Mn Steels. 
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it 700° = 
N the rigid Table 31—Properties and Weld Hardening of Mn Steels (1'/, to 1'/, Mn). French and Armstrong’ 
Weldeg Max 
e of the Plate Weld 
‘S “Crack McQuaid- Elonga- Plate Hard- Hard 
tl Cases Ehn tion in Thick Weld ness ness Source 
for simi] ; Composition, % Grain if = ce & 2 In., R.A., ness, Speed, Brinell Vickers of 
bean c Mn Si Size Psi. Psi. % % In. In./Min. Rod Brinell Data 
echuaia 09 1.52 0.20 7-8 44,500 64,600 39 75.1 0.5 5 . 124 225 t 
bability eg 1.59 0.20 8 58,200 798,00 33 66.4 0.5 5 . 154 284 t 
' Contents 97 1.42 0.15 7-8 63,000 87,400 31 60.1 0.5 5 s 169 370) t 
earth fy. 9 39 1.42 0.20 8 68,900 98,800 24 43.4 0.5 5 . 192 505 t 
0.19 1.33 0.58 51,000 74,000 0.59 7 176 260 
experi. 103 0.34 0.59 7 180 260) 
1.16 0.10 64,000 104,000 ist 0.59 7 200) 530 ; 
* Half-inch plates, 6 x 9 in., welded with heavy coated * ‘s-in. electrodes at 5 in. /min. 
esugated t In length of 7 times diameter. 
In '/>in § Meunier, F., and Rosenthal, D. See Spraragen and Claussen, THe WELDING JOURNAL, 16 (9), Research Suppl., 23 (1937 
eres | Authors’ tensile tests on normalized plates; data form other sources on plates ‘‘as-received”’ and welded 
ZOOPR . . 1 
| ect of Electrode Size on Weld Hardness. Barr'' Table 34—Relative Hardening of Various Joints on 14-In. 
Table E32—Eff Plate BDF.” Dearden and O'Neil! 
Electrode Plate 
Diam., Thickness, Heat Input Mean V.D.H. Filla 
In. In. Watt. Min./In. Boundary Zone Area 
594 79 Ratios to give the 
if 991 934 following hard zone 
5/4 iy 943 999 Type of Joint (see Fig. 6) values : 
5 768 277 ‘ 
5 - 1/, 1092 972 350 300 250 
L 603 $17 Hp | Hp | Hp 
1098 355 Cruciform, cooled between each 
run | 1.24 | 1.37 
B Overlap or T fillet on metal bed- ‘ 
= aa . plate (Reeve test) 1.0 1.0 1.0 
C Same as B but insulated from 
Table 33—Effect of Initial Plate Temperature, Steel BDF ;* bedplate with asbestos 0.90 0.86 | 0.82 
Fillet Size 0.035 Sq. In. Dearden and O'Neill D_ Single run butt or corner weld 0.62 0.64 0.69 
Initial Plate Diamond Hardness HD/10 E on edge of plate 
7 Temp., ° C. Hard Weld Zone Mild Steel Weld Metal te 
-D 200 244 181 * 0.16 C, 1.43 Mn 
| 100 298 193 
4 50 346 208 
15 348 207 
0 346 199 blowholes. Fatigue cracks always star e edge of 
U1-D 16 C. 143 M the deposited metal, where the abrupt g sec- 
40) C, 1.43 Mn. tion acted as a stress raiser | width 
42 of the specimen 
plates containing 0.16 C, 1.27 Mn 
and 0.12 V The single-V butt- Table 35—C-Mn Steel with Mn Content—1.4/1.6% Minimum Fillet Sizes 
welded oles Required to Prevent Cracking and Variation of Fillet Size with Plate Thick- 
Hodge elded pla es lad a static ultimate ness and Composition. Reeve’ 
strength of 83,000 psi; of the two ——— . . i 
specimens tested in tension, one broke Carbon | 0.20% max. | 0.23% max. 0.26%, may max 
00° F in the weld, the other in the plate. meee eee. ree 
All fatigue tests were performed on l It. 33 38 tons 35 41 tons 37 43 tons 37 44 = 
plates in the as-welded condition. Strength 
As shown in Table 37, the average = 
fatigue strength of the welded joints, Yield | 19 tons min. 21 tons min. 23 tons mit 23 tons n 
tested on a cycle in which the stress ah 
was completely reversed, was 25,000 
psi. for failure at 100,000 cycles, Run Fillet Run Fillet Run Fillet Run 
200 and 15,000 psi. for failure at 2,000,000 thic ness) Area | size Area Size Area size Area size 
; when fabricated by riveting, tin. | .020 | in. | .025 | in. 037 
gin. | .037 } in. .O37 | } in .054 in 
and 13,800 psi. The fatigue strength | O08 5 | 
‘ sin. | .054 | ¥e in. .060 | in . 080 3 in 125 m.* 
Was not appreciably affected by the 1 in. | .080 | 3 in 110 | Zin 1295 | 4b in "195 | 1 in* 
2 location of the origin of the crack 
with respect to the edges of the speci- *Plate must be preheated to 200°C. 
men, or by the presence of minor 
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Table 36—Crack Sensitivity of Gas-Welded Thin C-Mn Aircraft Sheets. Werner"? 


Method of Steel Production No 

Basic open-hearth, specially refined by 

means of deoxidation with manga 
nese 


0.41 0.030 
9 0.33 0.027 
10 0.36 0.034 
11 0.23 0.024 


12 0.28 0.037 


Table 37—Fatigue Strength of Butt-Welded Low-Alloy Steel 


Plates. Wilson, Bruckner, Coombe and Wilde" 


Fatigue Strength, 


No. of Cycles 1000 Psi. 


Specimen Unit Stress, for Failure, N = N = 
No. 1000 Psi. Thousands 100,000 = 2,000,000 

1 +22 to —22 243.6 25.6 15.4 

2 +23 to —23 164.4 25.0 15.0 

3 +24 to —24 403.1 30.4 18.3 

4 +19 to —19 459.9 24.6 14.8 

5 +19 to —19 381.9 23.9 14.3 

6 +17 to —17 900.9 24.7 14.9 

+17 to —17 1059.7 25.4 15.3 
Av. = 25.7 Av. =15.4 


Table 38—Fatigue Strength of Plates with Transverse Fillet 


Welds. Wilson, Bruckner, Coombe and Wilde" 
Average Fatigue Strength, 
1000 Psi. 
Kind of Steel Type of Specimen N = 100,000 N = 2,000,000 
Carbon I 25.8 22.8 
II 25.4 18.9 
III 22.9 13.1 
Alloy I 35.3 26.4 
II 31.7 23.9 
III 22.2 10.1 


Table 39—Tension Tests, All-Weld-Metal, No. 1 Rods.t 
Dawson and Lytle" 


Lb. per Sq. In. % %. 

Yield Tensile Elong., Red. of 
Weld Treatment Point Strength 2 In. Area 

3/,-In. Plates 
H-72 As welded 34,500 61,500 20.0 35.0 
H-73 110° C.— 24hr. 37,500 62,700 26.8 45.1 
H-74 48hr. 37,500 63,200 30.0 56.0 
H-75 “  — 72hr. 37,500 63,100 34.0 59.2 
H-76 “  —168 hr. 36,000 62,700 26.5 51.0 
H-77 300°C.— 1hr. 36,800 64,000 28.0 48.0 
H-78 5hr. 35,000 63,200 28.5 54.5 
H-79 “  — 24hr. 34,700 65,000 27.3 43.1 
H-80 650° C.— 38,500 65,700 24.5 43.6 
1/,-In. Plates—0.375-In. Specimens 

H-1_ As welded 40,000 63,700 16.0* 31.0 
H-2 110°C.— 24hr. 34,300 62,700 21.5 39.0 
H-3 “  — 48hr. 32,700 60,400 19.5 42.0 
H-4 “ — 72hr. 32,700 60,100 24.9 47.0 
H-5 “  —168 hr. 32,000 62,500 24.6 42.3 
H6 300°C.— lhr. 33,900 62,500 25.3 49.2 
H-7 “ — 65hr. 37,300 61,900 25.3 58.0 
H-8 “ — 24hr. 35,200 61,800 23.3 48.0 
H-9 650°C.— Ilhr. 36,600 61,100 29.0 54.0 


* Per cent elongation in 1'/, in. 


40.12 C, 1.10 Mn. 


— 
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Sheet Crack 
Si Mn Thickness, In. Sensitivity. « 

0.19 1.26 0.039 0. 
0.23 0.90 0.039 0 
0.21 1.01 0.039 () 
0.21 1.40 0.039 QI 
0.30 1.22 0.039 61 
0.28 1.16 0.039 - 
0.18 1.21 0.039 53 
0.22 1.18 0.039 73 
0.25 1.18 0.039 0) 
0.24 0.91 0.039 0 
0.21 0.93 + 0.37 Mo 0.039 0) 
0.20 1.07 + 0.39 Mo 0.039 7 


Table 40—Tension Tests—No. 1 Rod,* All-Weld-Meta! 


Specimens. Treatment with Torch Flame. Dawson 
and Lytle’ 
Lb. per Sq. In. 4 

Yield Tensile Red. of 
Treatment Point Strength 2 In. Area 
As welded 35,750 62,500 16.5 31.1 
300° C.—10 min. 34,100 64,000 15.0 28.7 
300° C.—15 min. 34,250 63,625 21.0 35.9 
400° C.—10 min. 34,750 62,500 22.7 39.1 
400° C.—15 min. 36,000 63,500 23.0 43.2 
500° C.—10 min. 37,375 65,375 19.9 36.6 
500° C.—15 min. 33,000 60,000 20 0 36.3 


* 0.12 C, 1.10 Mn. 


To study the effect of transverse fillet welds on fatigu: 
strength, the authors tested three types of joints, as fol 
lows: 


I—A continuous plate, without welds or joints, with 
the mill scale on both sides. 

II—-A narrow transverse plate attached to one side 
of the main plate by two transverse fillet 
welds. 

IiI—Transverse plates attached to both sides of the 
main plate. 


The fatigue strength of Types I and II was significantly 
greater for the alloy steels than for a plain carbon steel 
(0.23 C, 0.51 Mn). For Type III, the fatigue strength 
for failure at 100,000 cycles was approximately the same 
for both steels, but for failure at the greater number of 
cycles, the fatigue strength was somewhat less for the 
alloy steel (see Table 38). The fatigue strength of alloy 
steel welds was considerably greater for the Type I! 
specimens and somewhat less for Type III specimens 
than the fatigue strength of the butt welds in the same 
plates. The structural changes were not significant for 
either the carbon or the alloy steel; the maximum hard- 
ness was 200 Vickers for the carbon steel and 230 for the 
alloy steel. 


Ductility 


The effect of aging on the ductility of oxyacetylene 
butt welds in '/2- and */,-in. plates of 60,000—65,000 psi. 
tensile strength was investigated by Dawson and Lytle." 
The welds were of the single-V type, three or four layers, 
made with a rod containing 0.12 C and 1.10 Mn (Rod 1, 
in Table 39). Aging 24 hr. at 110° C. resulted in a sub- 
stantial increase in the per cent elongation (from 20 to 
26.8%); after 72 hr., the improvement was even greater, 
but no additional increase was noted after 168 hr. One 
hour at 300° C. resulted in the same improvement as 72 
hr. at 110° C. The per cent elongation was greater 
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did show some improvement (Table 42). 


110° and 300° C. treatments than the 650° C. 


fter the 
‘reatment. The aging treatments had no effect on the 
yield point or tensile strength. An addition of 0.30% 


hromium to the rod made the response to aging more 
Juggish. That great improvement can be achieved by 
ever short-time reheating with the torch (300-500° i 
15 min.) is shown in Table 40. This beneficial effect of 
wing at low temperatures 1s not obtained, however, in 
prenormalized welds, as shown in Table 41. 

‘ welds made with rods containing small additions of 
Cr, Mo, Ni, Cr plus Cu, or Mo plus Ni, in addition to 
their manganese content, improved even more on aging 
‘han those made with the rod containing only manganese 
Rod 1, Table 39). Welds containing vanadium showed 
no improvement, nor did those containing 1.02% copper, 
although welds made with rods containing 0.64% copper 
The response 
to the heat treatment appeared to be increased by the 
presence of a fairly high manganese content (about 
1.36°,). Also in these welds the aging hardly affected 
the tensile strength (Table 43). The authors conclude 
that low-alloy welds, containing Cr, Mo, Ni, Cu up to 


Table 41—Tension Tests—'/,-In. Plate, No. 1 Rod.t 


0.375-In. All-Weld-Metal Specimens. 


0.64%, and Mn up to about 1.36% are improved in duc- 
tility on low-temperature aging, as represented by the 
increase in their ‘‘reduction in area’ and ““% elongation” 
values; the improvement in ductility appears to be even 
greater than that obtained with the commonly used 
650° C. stress-relieving treatment; the tensile strength, 
yield strength, hardness and impact values are hardly 
affected. 


Manganese-Copper Steels 


Tensile Strength 


Metallic are butt welds in '/,- and '/»-in. plates of steels 
containing about 0.20% C, about 1.5° Mn and about 
0.5% Cu had an ultimate tensile strength of about 90,000 
psi. and 81,000 psi., respectively, according to Wilkinson 
and O’Neill.*| The former broke in the plate, the latter 
through the weld; the welds were made with plain carbon 
electrodes and tested in the as-welded condition. Single- 
run end-fillet welds ('/,-in. fillet) in the above plates had 


Dawson and Lytle’ 


Lb. per Sq. In. % Elong., % Red. of 
Weld Treatment Yield Point Tensile Strength 1'/, In. Area 
H-40 41,700 65,500 27.6 47.3 
H-l T. N. + 110° C.— 72 hr. 38,700 64,200 32.0 63.8 
H-42 T. N. + 110° C.—168 hr. 35,400 62,200 28.0 52.7 
H-43 T. N. + 300° C— 24 hr. 34,200 64,500 26.6 51.0 
H-44 T. N. + 650° C— Ihr. 37,800 63,900 30.4 63.2 
* T.N.—Torch normalized. 70.12 C, 1.10 Mn. 


Table 42—Effect of Aging on Ductility of All-Weld-Metal of Various Alloy Combinations. Dawson and Lytle"! 


Heat Composition of Welding Rod As- 110° 650° As- 110° 650° 
No. %Mn ZCr BZCu %WMo Welded 9 Hr. 1Hr. Welded 96 Hr. 1 Hr 
919 0.10 0.74 0.15 0.31 es A 19.5 27.5 25.0 40.1 45.9 38.6 
891 0.12 1.10 0.21 0.32 “J 16.5 22.0 21.0 28.5 40.5 47.0 
927 0.09 1.05 0.11 0.31 0.52 ¥ 20.5 27.0 27.7 36.0 55.7 47.2 
924 0.13 0.71 0.22 ot i 0.55 15.0 22.0 21.0 32.5 36.4 33.4 
940 0.15 0.58 0.24 z 12.0 15.0 16.0 25.4 32.1 28.5 
901 0.12 0.82 0.22 21.7 25.0 26.0 36.0 42.0 46.6 
876 0.13 1.04 0.24 15.0 24.0 25.0 23.3 39.1 2.4 
945 0.13 1.36 0.13 _ 19.5 28.5 26.2 39.8 50.5 44.4 
942 0.12 0.82 0.17 0.62 20.0 21.2 27.0 35.5 36.2 44.5 
943 0.11 0.97 0.15 113 21.7 28.5 28.0 38.6 53.8 48.3 
941 0.11 1.388 0.15 056 14.0 17.0 28.2 23.4 42.2 45.6 
935 0.13 1.49 0.30 ia 108 16.0 24.2 22.5 26.5 46.0 36.7 
948 0.11 1.09 0.24 - 0.68 0.68 12.0 18.0 23.5 22.7 40.7 40.8 
947 0.10 0.78 0.22 we 0.64 0.59 18.0 23.5 25.5 32.8 42.5 45.4 
896 0.12 1.10 0.26 1.02 rs of 90 19.0 15.5 21.0 40.0 30.0 
944 0.13 O.85 £0.15 0.64 22.5 25.0 18.5 33.4 41.6 36.2? 
Table 43—Tension Tests—Welds with Low-Alloy Steel Rods. Dawson and Lytle'’ 
0.505-In. All-Weld-Metal Specimens 
% Elongation, 2 In. Tensile Strength, 1000 Psi 
Heat Composition of Welding Rod As- 110°C. 300°C. 500°C. 650°C. As- 110°C. 300°C. 500°C. 650°C 
No. %C %Mn %Si %Mo %V Welded 96 Hr. 1 Hr. 1Hr. 1Hr. Welded 96Hr. 1 Hr. 1Hr. 14H. 
876 0.13 1.04 0.24... * = 15.0 24.0 27.5 23.0 25.0 64.5 64.2 68.7 66.8 64.5 
880 0.14 0.71 0.21... vr a 15.0 27.0 26.0 26.0 20.0 55.5 53.7 58.5 56.5 657.4 
877 0.14 1.07 0.23 0.31 .. 12.5 23.5 18.8 .. 68.0 64.5 64.8 .. 
8740.15 1.08 0.24 .. O90. 15.0 27.5 23.3 17.0 15.5 68.7 73.1 68.7 68.5 68.0 
875 0.13 1.01 0.21 3.02 ; 17.0 21.0 22.2 24.0 27.2 75.0 73.1 73.8 76.2 69.0 
879 0.13 1.05 0.19 . 0.05 12.5 22.0 15.5 17.0 12.0 72.5 73.5 70.7 71.5 72.8 
881 0.14 1.02 0.20 . O11 11.5 18.0 11.5 17.5 .. 75.0 74.8 74.0 77.5 .. 
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0.505-In. All-Weld-Metal Specimen 
% Elongation, 2 In. % Reduction of Area 
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Table 44—Arc Welding and Gas Cutting of Structural Steels. Weld Test Results. Wilkinson and O'N eillé ; 


' 
Steel | Nominal. Electrode Nominal | Average Actual | Shear 
| plate thick- 0) | fillet size,| throat breaking stress, Remarks 
| fess, inches “ian Sees inches thickness, | load, tons tons per | 
| Type S.W.G. | inches | $q. in. 
End-fillet welds:— 
Mild. i | 6 23:7 27 
6 33-8 39 Single run. Mean of f 
MC . | : | sas 8 %& 3s 38-2 44 | Two runs. Mean of two tests 
19-4 26 Single run. Mean of f 
MC 3 HT3 | 8 | ¥ 0-19-0-22 37-9 47 Single run. Mean of th 
as — 37-9 — | 
NA. . | } | HT2 ia - 28-31 | 38-41 | Single run. Mean of § Par 
4 1417 22-27 | Par 
Butt welds :— Ultimate Dit 
| tensile Dit 
| | stress, tons Dil 
| per sq. in. 
NA. . 4 | HT2 8s | — — _— 30-32 Broke fortuitously in plate or et 
weld junction 
Cil | 30-32 Broke fortuitously in plate or ever, 
weld junction “no 
Type MC } AS 39-7 Broke in plate 
36-0 | Broke through weld Plaw 
Mi j CA10| 8 36-4 | Broke at weld junction valu 
rou 
a } A4 6 228 | Broke outside weld pe 
@ See Tables 9 and 10 for symbols. a ~ base 
an actual breaking strength of 74,000 Ib. (see Table 44). 1.70 Mn, 0.15 Si, 0.20 Cu). The plates were joined by a Tab 


DeRooy and Schoenmaker’’ report that metallic are  single-V butt type weld with a reinforcing bead on the 
butt-welded plates ('/s-in.), containing 0.19 C, 0.96 under side, using high-grade coated electrodes. The im- 
Mn, 0.52 Si, 0.35 Cr and 0.54 Cu, withstood bending to _ pact specimens were of the standard V notch type as pre 


180° in ‘‘free’’ bend tests. scribed by the A.S.T.M. As shown in Table 45, Man-Ten 
steel in the “as-received” (hot-rolled) condition had 


Impact and Hardness Tests slightly lower Charpy impact values when broken longi- 
Boehm” investigated the impact strength of metallic tudinally to direction of rolling than when broken trans- 
are butt welds in */4-in. plates of Man-Ten (0.35 C, 1.25- versely to it; after stress relieving (at 1250° F.), how 


Table 45—Charpy V Notch Impact Value of Unwelded and Welded Man-Ten Steel. Boehm'’* 


Average Variation of 

of Range of Charpy Value 

sition ecimens in Per Cen 

Specimen Electrode Treatment Notch Tested Ft-Lb. 

Transverse As-rolled 4 29 

Longitudinal As-rolled 4 32. 2 oe 34 
Transverse 1200° F.* 4 35 33-37 .5 1] 
Longitudinal 1200° F.* 4 38.5 33-44 29 
Transverse 4 37.2 34.544 26 
Longitudinal 1650° F.t Srey 4 39.4 37-44 18 
Welded Mot As-welded weld 3 94.2 86.5-104.5 19 
Welded Mot As-welded diffusion zone 3 115 95-135 35 
Welded Mot 1200° F.* weld 3 87.8 77-100 26 
Welded Mot 1200° F.* diffusion zone 3 99.6 82.5-116 34 
Welded Mot 1650° F.¢ — weld 2 83.5 82.5-84.5 2 
Welded Mot 1650° F.+ diffusion zone 2 50.5 45.5-55.5 20) 
Welded Low Carbon**  As-welded weld 3 108.2 106 .5-111.5 5 
Welded Low Carbon** As-welded diffusion zone 3 104 90-115 24 
Welded Low Carbon** 1200° F. weld 3 114 111.5-118 c 
Welded Low Carbon** 1200° F. diffusion zone 3 113.3 107-118 10 
Welded Low Carbon** 1650° F. weld 2 110.2 102.5-118 14 
Welded Low Carbon**  1650° F. diffusion zone 2 49.3 42. 5-56 27 


* Furnace cooled from 1200° F. 

+t Furnace cooled from 1650° F. 

t Covered electrode containing molybdenum. 
** Covered low-carbon electrode. 
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The Rockwell ‘“B”’ hardness values of the heat-affected 
Table 46—Rockwell Hardness Test Standard “‘B’’ Scale. zones in the above welds, are shown in Table 46. Heat 


Boehm" treatment (1250° and 1650° F.) had very little effect 
MAN-TEN STEEL on the hardness of either the weld or base metal (no time 
Averaged Of heating stated). 
Hardness Zeyen"’ reports that the Firth hardness, 0.04 in. below 
Parent Metal As-received 92 the surface in the heat-affected zone of metallic arc butt 
Parent Metal 1250° F. 91 welds in a Mn-Cu steel (0.47 in. thick; 0.14 C, 1.49 Mn, 
Parent re P = ae i 0.37 Cu) was 181; that of the unwelded base plate was 
No. 1250° 160. Normalizing lowered the maximum hardness to 
ual No. 5 1650° F. 71 156, while heating to 250° or 550° C. lowered it only to 
Diffusion Zone F.W. No.5 —As-welded 86.5 176. 
Diffusion Zone F. 4 85 
iffusion Zone F. ; oO. 5 83 
shi ld Are No. 85 As-welded 79 Fatigue Strength 
Shield Are No. 85 1250° F. 79 Zeyen'’ measured the pulsating tension fatigue 
Shield Arc No. 85 . 1650° F. 70.6 strength of 60° vee butt welds (metallic arc) in 0.47-in. 
Diffusion Zone S. A. No. 85 As-welded 56 thick plates of a low-alloy steel containing 0.14 C, 0.36 
Diffusion Zone 5. A. zyO. & 1e00 F. Si, 1.49 Mn and 0.37 Cu. Each fatigue specimen was 
Diffusion Zone S. A. No. 85 —:1650° F. 84.5 


3.2 


in. wide and 22 in. long. All irregularities were 


YoLoy STEEL ground off, but the cross section of the welds was left 


— se a 67 considerably larger than that of the plates. The butt 
tee aaatal 1650° FE 4 welds consisted of 6 layers deposited with covered elec 
Diffusion Tune Aa-welded 82 trodes, 0.16 in. in diameter (150 amp.), including a root 
Diffusion Zone 1250° F. R4 layer which was deposited only after the root had been 
Diffusion Zone 1650° F. 67 ground to expose sound metal. Unmachined butt welds 


had practically the same properties as unwelded base 
metal in static tensile tests, fractures occurring just out- 
side the weld; butt welds that had been machined flush, 
ever, the reverse was true. Stress relieving, or normaliz- however, failed in the weld metal, with only 24 39° 
ing, had little effect on the Man-Ten impact strength. ‘‘reduction in area.’’ In addition to the butt welds, also 
Plain low carbon coated rods produced better impact  single-bead weld deposits were tested. As shown in 
values than Mo-bearing coated rods; the former alsohad ‘Table 47, butt welding lowered the fatigue strength to 
a finer grain structure. The weld in all cases pro- 80% of the unwelded plate, and preheating or heat treat 
duced impact values at least 100% above those of the ment of the weld had relatively little effect. All fatigue 
base plates. failures of the butt welds started at ,the weld junction. 


Table 47—Fatigue Strength (Psi.) of Butt Welds and Surface Deposits on Low-Alloy Steel* Using Covered Electrodes. Zeyen' 


Welded at Room Temperature Preheated to 
Heated 2 Hr. at Heated 2 Hr. at Heated '/, Hr. at 250° C. During 
250° C., Cooled 550° C., Cooled 880° C., Cooled Welding, Not Heat 


Specimen Not Heat Treated in Furnace in Air in Air Treated 
Butt weld 33,400 33,600 34,200 31,300 33,400 
Longitudinal bead on one 34,200 37,000 38,400 35,600 34,200 
sidet 
— bead on both 35,600 37,000 35,600 32,700 
sides 
Transverse bead on one 22,800 27,000 29,200 25,600 25,600 
side 
Transverse bead on both 24,200 31,300 31,300 29,900 25,600 
sides 


* Unwelded base metal had the following properties, which were little affected by the four heat treatments: yield strength = 52,000 
lb./in.*, tensile strength = 77,000 Ib./in.*, reduction of area = 60%. The fatigue strength of unwelded base metal was 42,700 Ib./in.* 
with mill scale, and 50,500 Ib./in.? ground on all sides. The unwelded specimens were 2.0 inches wide in the parallel section, which was 
joined by fillets of 8-inch radius to the heads of the specimen, 3.2 inches wide. Fatigue strengths were determined at 2 million cycles 
(lower tensile stress = 150 Ib./in.?) in a horizontal Schenck pulsator at 25 cycles per sec. 

t The longitudinal beads were down the center of the specimens (3.2 x 22 inches) and were 8 inches long. 


Table 48—Fatigue Strengtht of Metallic Arc Welds in High-Tensile Steel. Pure Dynamic Stresses. DeRooy and Schoen- 
maker'® 


Steel- 
—_——Steel A*———~ —_——Steel B§ 


Mild Stee It 
Endurance Limit, Psi. Base Metal Weldec Base Metal Welded Base Metal Welded 
Rotating bending 46,200 37,600 43,300 35,500 28,500 28,500 
Flat bending 43,300 31,300 42,000 28,400 25,500 25,500 
Torsion 24,900 22,000 24,200 21,300 16,300 16,300 


* 0.19 C, 0.96 Mn, 0.52 Si, 0.35 Cr, 0.54 Cu; failed in weld. 
t 5,100,000 cycles. 

} Failed in base metal. 

§ 0.19 C, 1.41 Mn, 0.30 Si, 0.34 Cu; failed in weld. 
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Small irregularities in the weld junction had a great 
effect on the fatigue strength, as unground specimens 
appeared to have a fatigue strength of 8500 to 10,000 
psi. lower than that of welds that had been smoothed 
by grinding. In the weld-bead tests, unless the ends of 
the beads were removed, their notch effect greatly af- 
fected the fatigue strength, lowering it to about the same 
value as that of unground butt welds. The better values 
obtained with longitudinal beads confirm the fact that 
the direction of the notch with respect to the load has a 
great effect on the fatigue strength of low-alloy steels. 
Specimens with transverse beads on both surfaces gen- 
erally showed a higher fatigue strength than those with 
beads on only one surface, presumably because single 
beads on one surface created eccentric conditions. Heat 
treatment (see Table 47), however, raised the fatigue 
strength of transverse beads. The greater effect of heat 
treatment on the bead-welded specimens as compared 


Table 49—Resistance of Welded Joints to Combined Dynamic 
and Static Stresses. DeRooy and Schoenmaker"® 


Static Stress, Fatigue Limit, 


Condition Surface Psi. Psi. 


High Tensile Steels 


As-rolled Filed 0 13,400 
7,100 $6,900 
14,200 50,100 
21,300 53,300 
28,400 
As-rolled With mill scale 0 31,300 
7,100 34,700 
14,200 39,400 
21,300 45,400 
28,400 49,800 
Welded Filed 0 22,800 
7,100 26,600 
14,200 32,600 
21,300 39,700 
28,400 44,400 
Welded Unmachined 0 27,000 
7,100 32,000 
14,200 35,600 


21,300 
28,400 


Mild Steel 


As-rolled Filed 0 30,000 
7,100 32,700 
14,200 35,600 
21,300 
28,400 
As-rolled With mill scale 0 27,000 
7,100 32,700 
14,200 35,600 
21,300 
28,400 
Welded Filed 0 30,600 
7,100 33,000 
14,200 35,600 
21,300 
28,400 
Welded Unmachined 0 24,900 
7,100 29,900 
14,200 35,600 
21,300 
28,400 


Table 51—Plates and Electrodes Used by Yasines and Pairs 


Plate Chemical Heat 
No. Composition Electrode Treatmen; 
1 3.50%Ni; 0.85% C Electrode Acon- Non ‘ 
taining 1% Ni: 
0.5 Mo 
Electrode A con- 
taining 1% Ni: 
0.5 Mo 
Electrode A con- 
taining 1% Ni: 
0.5 Mo 
Electrode A con- 
taining 1% Ni: 
0.5 Mo 
Electrode B 


3 3.50% Ni; 0.35% C 


ur 


2.75% Ni; 0.22% C; 
0.30% Mo 


Non 


“J 


2.75% a 0.22% C; Stress relieved 
0.30% Mo ; 
9 0.16% C;0.60% Mn; 
2.09% Ni; 
Cu 
10 0.16% C;0.60% Mn; 
0.25% Si; 2.09% 
1.06% Cu 
13 0.23% C;0.72% Mn; 
0.02% Si; 0.79% Ni; 
1.56% Cu;0.15% Mo 
14 0.23% C;0.72% Mn; 
0.02% Si; 0.79% Ni; 
1.56% Cu; 0.15% Mo 


Non 


Electrode B Stress relieved 


Electrode B None 


Electrode B 


Stress relieved 


* Six hours at 600° C. 


with the butt welds, is probably related to the higher 
shrinkage stresses created by surface beads. The shrink 
age stresses seem to be decreased even by preheating t 
250° C., or by heating to 250° C. after welding at room 
temperature. 

DeRooy and Schoenmaker™ have tested the fatigue 
strength of metallic are-welded V (90°) butt joints in 
'/o-in. plates of the following compositions: (1) 0.19 C 
0.96 Mn, 0.52 Si, 0.35 Cr and 0.54 Cu, and (2) 0.19 C, 
1.41 Mn, 0.30 Si and 0.34 Cu. The joints were welded 
with covered electrodes of high quality that yielded 
weld metal having a tensile strength = 76,000 psi. and 
an elongation = 28.4%, as against 80,000 psi. for the 
base plate. 5,100,000 cycles were taken as a criterion for 
comparison. The results, as compared with a mild 
carbon steel, are shown in Table 48. In the alloy steel 
the fatigue strength of the welded joint is lower than 
that of the base plate, presumably because the weld 
metal had a lower fatigue strength; in the mild steel, 
however, the reverse was true. Hence, the high-tensile 
specimens broke in the weld, while the mild steel ones 
broke outside. In spite of this, however, the fatigue 
strength of welded joints in high-tensile steels was con 
siderably above that of welded mild steel. The presence 
of mill scale on the welded plate caused a certain notch 
effect and reduced the fatigue strength (from 43,500 to 
32,000 psi.); the effect was more pronounced in alloy 
steels. But even with these apparent disadvantages, 
low-alloy steels are still better than mild steels, especially 
when one considers the fatigue behavior under combined 
static and dynamic stresses, as shown in Table 49. While 
the welded joint in a mild steei, under a static tension 
of 28,500 psi., withstood an added dynamic stress of 7100 
psi., the welded alloy joint could withstand additional 


Table 50—Effect of Stress Relieving on 3% Ni Plate and Weld Metal. Sands”! 


Test 

Piece Condition T.S., Psi. 
Plate As-rolled 81,000 
Plate Stress relieved 78,800 
Weld metal As-welded 70,800 
Weld metal Stress relieved 67,800 
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Elongation, Reduction in 
Y.S., Psi. A Area, % 
52,300 28.0 59.0 
nD 31.0 57.0 
57,800 22.5 39.5 
51,500 32.5 60.5 
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Table 52—Rockwell ‘‘C’’ Hardness of Ni-Alloy Steels. Yasines and Fair" 


— 


Average 


variation max. - min. 


weld inner zone | outer tone! metal 


Plate Boe* 


weld 


imner tone 


outer tone 


13 14 


16 «€6S 


27 


18 


- 17 


10 


23 


7 (heat treat.)} 13 16 16 14 


14 6 


186 - 


15 


18 


- 15 


16 


14 


9 


10 (heat treat, ) 


? 16 


13 ll 9 


14 (heat treat.)| 6 


-2 


1s - 


11 


10 


* For composition and heat treatment see Table 51. 


Table 53—Mean Diamond Hardness Values of Weld After 
Twice Blowpiping. O'Neill and Johansen” 


Plate AQZ Plate AWV 


Location After After 

of Test Initial Tempering Initial Tempering 
Parent plate 154 173 
Hard zone 330 251 429 285 


12,800 psi. The notch sensitivity was found even more 
pronounced in fillet type joints; hence, the significance 
of obtaining smooth contours and finishes on welds. 


Carbon-Nickel Steels 


lensile Properties 


Low-carbon nickel steels have been used for welded 
pressure vessels operating at temperatures as low as 
that of liquid air (—300° F.), and at pressures as high as 
400 psi., according to Sands.** In Table 50 are given 
data of the average tensile properties of welded plates, 
*/s to */, in. thick, containing about 3% nickel, as re- 
ported by a leading fabricator of such welds. Stress re- 
lieving (no details) raised the per cent elongation from 
22.5 to 32.5. 

In the tests of Wilkinson and O'Neill,‘ metallic arc 
butt welds in '/2-in. plates, containing 2.299% Ni and 
0.14% C, had an ultimate tensile strength of 67,200- 
(1,680 psi.; the plates broke fortuitously in the plate or 


Table 54—3% N 
Minimum fillet sizes required to prevent cracking and variation 
of fillet size with plate thickness and composition 


Steels.* Reeve’ 


Carbon 
= 
Strength 
Yield 
Point 
Plate Run 
Thickness Area 
in. 
in. 
in. 
$ in. .110 
in. .125 
in. 


toe BN 


0.25% max. 


37-43 tons/sq. in- 


26 tons sq. in. min. 


Fillet 


Size 


0.30/0.33% max. 


40-45 tons/sq. in. 


* Data supplied by Mond Nickel Co., Ltd. 

** In these cases it will usually be necessary to use 
austenitic steel electrodes or to preheat to 200° C. 

For thicknesses up to 3 in., either High Tensile or Mild 

Steel electrodes may be used. 

For thicknesses of 3 in. and above Mild Steel elec- 

trodes should be used. 

The strength of butt welds made with these electrodes 

will be similar to that of butt welds made 

tensile electrodes. 


Fillet 


| 

| 28 tons sq. in. min. 


Size 


with 


high- 


Table 55—Tensile and Low-Temperature Impact Properties of Some Ni-Mo Weld Deposits. Armstrong and Gagnebin’ 


—~Mechanical Properties 


Heat Psi 
Treat 0.01-In 
— ment Exten 
Size Deposit * Mn Si Ni Mo sion 
*/4x2in. Vertical 0.12 0.50 0.02 2.25 0.21 1150 55,700 
3 weld a.c 
«x2in Flat weld 0.12 0.50 0.02 2.25 0.21 1150 52,000 


* Heavily coated */s:-in. electrodes 
} Estimated approximate values. 


oO 
Elonga 

tion 

in 
Psi 2 In 
70,700 29.7 
68,000 34.0 
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Quaid 

Brinell Ehn 
Hard- Grain 
ness Size 
146 2-8 
139 2-8 


-Impact Ft.-Lb 


Room 
Temp 
26, 30 


33 


~100° F 


22, 26 


18, 23 


150 


19 


14 


20 
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200 
13, 16 
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Max. Weld Hardness - Vickers Brinell 


Arc Travel - Inch/Min. 


in the weld junction. 
alloy steel electrode. 


THlardness 


C Contents. 


Plate Thickness - Inch 


The plates were welded with a low- 


In Fig. 9 are shown the effects of welding speed, plate 


thickness and carbon content on the maximum weld 
hardness of a 2% nickel steel, on which a single metallic 
are bead weld had been deposited, as reported by French 


and Armstrong.’ 


1 


Increasing the plate thickness from 
» to 1'/s in. raised the weld hardness about the same 


amount as an increase in carbon content 0.20 to 0.40% in 


a 


>= 


in. plate weld, namely, from 225 to 400 Brinell; it 


was also equivalent (by extrapolation) to raising the 


welding speed from 5 to 14 in. per minute. 


It should 


be remembered, however, that the welding conditions 
were severe, and if multiple layer butt joints are exam- 
ined, there may be no serious weld hardening, as shown 
in the hardness surveys obtained from the butt-welded 
*/s- and l-in. thick plates of 2% nickel-0.20% C steels 


in Fig. 10. 


The maximum weld hardness obtained from 


the single-surface bead welds and the multiple-layer butt 
welds was as follows: 


plate = 235 Vickers Brinell. 


plate = 395 Vickers Brinell. 


ers Brinell. 


Vickers Brinell 


Multiple-layer butt welds in °/;-in. plates 


Multiple-layer butt welds in 


plates 


Single-surface bead, at 5 in. per minute, on '/2-in. 
Single-surface bead, at 5 in. per minute, on 1'/2-in. 


228 Vick- 


= 273 


Yasines and Fair'® investigated the Rockwell hard- 


ness of metallic arc welds in a series of 3% nickel steels, 
some containing also 0.30% molybdenum (see Table 
The '/2-in. thick plates were welded with a covered 
electrode containing 1% nickel and 0.5% molybdenum 
and hardness measurements were taken at 0.08-in. inter- 
Some of the welds were stress relieved by heating 
6 hr. at 600° C. The ‘inner zones’’ (weld junction region) 


51). 


vals. 


252-s 


\ 
-220 .62Mn 2.09Ni 2% Nickel Steels, approx. 0.84, 
Are Travel 4.2/4.8 in. / min. and Are Travel & in./ min, 
or 
a | 
A | 
of 
SY 
400 
Z 
‘4 
LZ 
aw 
200 
4 8 12 0.5 1.0 1.5 0 0.2 


Carbon - Per Cent 


Fig. 9-Maximum Weld Hardness of 2°, Ni Steels as Affected by Arc Travel Speed, Plate Thickness and 
French and Armstrong? 


Ce 
t+ ttt eee + FF tHe + | 
H+ + +e ete + 
+ + ¢ 444444444 + + 
VICKERS HARDNESS TESTS ON 1" THICK WELDED PLATES 
PLATE NO. 7-2 
| 
+ + + +$4444444+4+ + + + | 
+ +++ + + +) 
+ + + + + 


VICKERS HARDNESS TESTS ON }" THICK WELDED PLATES 
PLATE NO. 7-1 


Fig. 10—-Hardness Surveys on Multiple Bead Butt-Welded 

Plates of 0.20% C, 2% Ni Steel. Deposits Made with Heavily 

Coated Electrodes Depositing 2% Ni Steel. French and 
Armstrong? 


proved to be the hardest of all sections, averaging 20} 
RC (225-330 Brinell). Heat treatment (6 hr. at 600 
C.) softened these hardened zones so that they exhibited 
more or less the same hardness as the ‘“‘outer zone.’ The 
hardness of all sections in the 3.5 Ni, 0.35 C plate was 
reduced by about 50% after heat treatment (see Table 
o2 
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O'Neill and Johansen’® report that blowpiping satis- 
factori! reduced the hardness of the heat-affected sone 
. welded lap joints, the welds consisting of a sealing run 

_9.row riveted lap joint of a 2.3% and a 1.85% nickel 
steel t C and 0.25 C, respectively). As shown in 


fable 53, twice blowpiping reduced the hardness of the 
‘rom 330 to 251 Diamond Hardness, and that of 


forme! 
the latter from 429 to 285. 

Reeve’ has investigated the minimum fillet sizes re- 
quired to prevent cracking in 3% nickel steels of two car- 


hon ranges, 0.25% maximum and 0.30 0.33% maximum 
Table 54). For a */s-in. plate containing 0.25% carbon 


electrodes may be used; above */s in., only mild steel 
electrodes should be used (except for the 0.30-0.33% 
carbon steels, see above). 


Impact Strength 


Armstrong and Gagnebin”® tested the impact strength 
of weld deposits laid down, in both the flat and vertical 
positions, with commercial grade, heavily coated, 
‘/»-in. nickel steel electrodes. The weld deposits (0.12 
C, 2.25 Ni, 0.21 Mo) were drawn at 1150° F. and tested 
at temperatures down to —200° F. Their Charpy im- 
pact strength was 26-30 ft.-lb. at room temperature and 
13-16 ft.-Ib. at —200° F.; at —150° F. it was about 20 
ft.lb. (Table 55). The authors conclude that, provided 
the soundness is radiographically good, welds made with 
the Ni-Mo electrodes will meet most requirements for 
impact resistance at temperatures down to — 150° F. 

Yasines and Fair'® report that metallic arc butt welds 
in '/o-in. plates (0.85 C, 3.5 Ni; Table 51), welded with 
an electrode containing 1% Ni and 0.5% Mo, had the 
following Izod impact values: weld = 33.8 ft.-lb., “inner 
zone’ = 58.3 ft.-lb., “outer zone’ = 75.5 ft.-lb., un- 
welded plate = 79.5 ft.-lb. The impact specimens were 
\0 x 10 mm. in cross section, with the notches (45°, 
0.25 mm. radius) placed at various points. After heat 
treatment (6 hr. at 600° C.) the impact strength was 
improved, especially in the heat-affected zone, the cor- 
responding values being: 34.8 ft.-lb. for weld (10% in- 
crease), 82.1 ft.-lb. for “inner zone,’ 96.6 ft.-lb. for 
“outer zone’ and 92.5 ft.-lb. for the unwelded plate 
(Table 56). The fracture of the weld in the ‘‘as-welded”’ 
condition was brittle and heat treatment did not affect 
it. Thus, the weld was the most critical section; next 
to the weld proper, the “inner zone”’ (not defined) was of 
critical value. It is interesting to note that the outer 
heat-affected zone was stronger than the base plate after 
heat treatment. Nickel-molybdenum steels (2.75% Ni, 
0.22% C and 0.30% Mo), welded with the same elec- 
trodes, generally had the same impact strength as the 
above 3.5% nickel steels. 

_Reeve* reports the Izod values of metallic arc-welded, 
'‘/xin., 2% nickel plates (0.20% C) to be 20 ft.-Ib. with 
the notch in the center of the weld, 57 ft.-lb. when the 
notch was placed at the edge of the weld and 47 ft.-lb. 
with the notch at the edge of the weld near the sealing 
run; the corresponding values for 1-in. plates were 32, 
So and 47 ft.-lb. (Table 57). 


Fatigue Strength 


_ O'Neill and Johansen!® subjected two-row riveted lap 
joints with a sealing run of weld metal to reverse bend- 
ing tests, applying a stress of 17,000 psi. The two nickel 
steels tested contained 0.14 C plus 2.28 Ni, and 0.25 C 


1943 WELDING LOW-ALLOY STEEL 253-5 


| 
Molybdenum Steels 
0.25C 0.85Mn 
200} 40.24 Mo 0185: 
Plate = 375 Amperes 
= 100 
£ 
300 
> 0.15C 0.78Mn) 
Mo 0.17Si 
Zone _| Amperes 
200 —>=+= 23 Volts 
Plate 
Weld 
100 
10 12 
Welding Speed, inches per minute 


Fig. 11—Hardness Curves for Mo Steels, Showing the Effect of 
Decreasing C Content and Increasing the Mo Content. 
Theisinger?? 


plus 1.85 Ni and were '/2 in. thick. Their nitrogen con- 
tent (0.012%) was less than the 0.04% limit below which 
it is supposedly possible to obtain increased endurance 
strength on annealing. From the endurance values 
shown in Table 58 (endurance value = minimum number 
of reversals necessary to produce the first signs of crack- 
ing) it is obvious that both the welding and the sub 
sequent tempering of the weld reduced the fatigue strength 
of the assembly. Grinding the weld to remove surface 
irregularities improved the endurance value. 


Nickel-Copper Steels 


Tensile Properties 


In Table 59 are shown the tensile properties of a 
series of arc-welded ‘‘as-rolled’’ plates, containing about 
2% nickel and 1% copper, and the carbon content vary- 
ing from 0.08 to 0.22%, as reported by Sands.*! The 
plates with 0.08% carbon had a tensile strength of 66,000 
psi.; the tensile strength of those with 0.22% carbon 
was 95,000 psi. All the plates failed in the parent plate. 
The plates were tested ‘‘as-welded.’’ Reeve’ reports 
that metallic arc butt-welded low carbon Ni-Cu plates 
('/s-in. thick; 0.09 C, 1.96 Ni, 0.95 Cu) had a tensile 
strength of 72,000 psi., a yield strength of 55,000 psi. 
and an elongation of 26.2% in 8 in. 


Impact Strength and Hardness 


Yasines and Fair’ report that metallic arc-welded Ni- 
Cu plates (0.16 C, 2.09 Ni, 1.06 Cu) yielded the follow- 
ing Izod impact values, in the ‘“‘as-welded” condition: 
weld = 57.1 ft.-lb.; “inner zone’ = 83.9 ft.-lb.; “outer 
zone’ = 85.9 ft.-lb.; plate = 88.6 ft.-lb. The weld was 
the most critical section, although the heat-affected zone 
compared favorably with the unwelded plate. Heat 
treatment (6 hr. at 600° C.) improved slightly the 
strength of the weld proper (to 61.6 ft.-lb.), as well as that 
of the heat-affected zone—in the latter case to an extent 
resulting in a considerable superiority over the unwelded 
plates, e.g., 94.6 vs. 82.9 ft.-Ib. The authors also tested 
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maximum, the mimimum fillet size was 1n.; plates 
fy of the same thickness containing 0.30-0.33% carbon a 
maximum, required a minimum fillet of */s in. For the , 
latter steels, austenitic steel electrodes or preheating to | ss 
| 900° C. was necessary for thicknesses above */s in. For ie 
| thicknesses up to */s in., either high-tensile or mild steel : 
| 
— 
| 
0.4 
it 
and 
Spacing | 
+ + 
& 
+ ¢ 
nj 
+ + | 
> +> 
+ + 
TES 
pacing 
| 
I 


WHEAT HEAT 
PARENT PARE 
ZONE AL 
200 — 
| 
175 
| 
125 
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4- NO PREHEAT ~'No STRESS RELIEF. 
75 - 2- NO PREHEAT - 1200°F. STRESS RELIEF. = 
3- |400°F. PREHEAT - NO STRESS RELIEF. 7 
4- |400°F. PREWEAT- 1200°F. STRESS RELIEF. 
PLAT 
Fig. 12—-Hardness of 6°/,-In. O.D. x 0.432-In.-Thick Wall C-Mo Pipe Welded by the Metallic Arc Process . 
Emerson” 
some steels containing 0.23 C, 0.79 Ni, 1.56 Cu and 0.15 . 
Mo (Table 56). In general, the authors conclude that Table 57—Izod Values (Ft.-Lb.) with Notch at Different | 40 


the weakest section in impact strength was in the welds, Positions. Steels Pand D.* Reeve’ 
their average value being about 70% of the unwelded — = —$—— | 4 
base plates. The authors could find no exact relation- Steel Code Letter 


| 

ship between the hardness and the impact strength So Tee | ——-| 
(Tables 52 and 56). Speci- | es | 1 in. 4 in 

Boehm" reports that stress relieving or normalizing men | Position of pire 1 
metallic arc butt welds in Yoloy steel plates (0.21 C, No. | Notch P D no 1 
1.80 Ni, 0.90 Cu) increases the impact strength by about ~~~ | s | 
10 ft.-Ib. (actual values not reported). In the tests of 38 Centre of weld | 31 (d) | 20(d) | 37 (d) | 32 (« l 
Reeve,’ arc-welded 1-in. plates (0.20 C, 1.93 Ni, 1.05 39 [Edge of weld 42 (a) | 57(b) | 70(b) | 85 (| 
Cu) had an Izod impact strength of 31 ft.-lb. with the 40 | Edge of weld (11) | 
notch placed in the center of the weld, and 42 ft.-lb. with _inear sealing run} 13 (¢) | 47 (d) | 32(e) | 47) | 
the notch at the edge of the weld; in the latter case frac- ee followed hard zone. ‘ 

ractured through parent plate. 

ture followed through the hard zone. The corresponding (c) Fractured through weld metal. Slag pocket under root of no! 
values for '/s-in. plates were 37 and 70 ft-lb. but im the Fracture finished im weld metal 


latter case fracture occurred in the plate. In both 
thicknesses of plates the weakest section was the edge 
of the weld near the sealing run (Table 57). 


* For composition see Table 19 


Table 56—Impact Strength in Ft.-Lb. (Izod) of Ni-Alloy Steels. Yasines and Fair" 


Average variation max. - min. 
Plate No. * weld inner zone | outer zone! metal weld imner zone outer zone metal 
1 33.8 58.3 75.5 79.5 35.0-32.5 62.0 = 56.5 81.0 = 65.0 84.0 = 66.0 
3 (heat treat.) 34.8 82.1. 96.6 92.5 41.0- 27.5 |104.5 - 75.0 | 104.0 - 89.0 106.3 - 80,0 
5 29.6 60.9 114.8 93.8 34.0- 29.0] 67.0 = 47.5 | 117.0 = 96.8 111.0 - 84.0 
7 (heat treat.) 34.5 79.8 92.2 92.5 56.0- 35.0 | 88.0 ~- 72.5 | 100.5 = 87.5 105.5 = 84.5 
9 57.1 83.9 85.9 88.6 60.5- 39.0 91.0 = 79.3 90.0 @ 81.5 91.0 @ 87.5 
10 (heat treat.) 61.6 93.5 94.6 82.9 70.5- 54.0/105.0 - 86.5 98.8 = 92.5 86.5 = 78.5 
13 49.8 105.2 86.7 67.7 51.5- 47.5 | 106.5 - 93.5 | 102.5 - 87.0 80.0 = 39.5 
14 (heat treat, 59.8 108.4 102.5 87.2 66.0- 41.5 111.5 +-104.0 | 108.5 - 82.0 89.0 = 83.5 
* For composition and heat treatment see Table 51. 
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Table 58—Reversed Bending Tests on 2-Row Riveted and Welded Lap Joints. Stress Range +7.5 Tons/Sq. In. 


O'Neill 


and Johansen" 


Test Millions of re- | Average of results : << 
Piece Treatment of Joint. versals before (millions) Remarks 
No. test piece failed.| 
5 Caulked 4.27 Broke 6 in. from joint due to dirty 
6 10.0 unbroken 10.0 unbroken. steel. 
| | Seal welded without restraint, cold 0.71 | Broke in hard zone of waa = 
2 straightened afterwards. 0.78 ; 
3 0.55 0.70 | 
4 0.74 
| Do. and twice tempered with blowpipe 0.35 0.27 
12 without restraint and cold straight - 0.19 
ened, | 
Prate AWV | | 
7 | Seal welded without restraint, and 0.38 | 0.32 Do | 
8 | cold straightened. 0.25 { 
9 | Do. and twice tempered with blow- 1.74 | Cold straightened at weld. 
| pipe without restraint and cold | ? 
| 
10 | straightened. 0.18 | Cold straightened away from weld. | 
| 13 Seal welded without restraint. 0.32 | 0.27 | Broke in hard zone of weld, 
14 | Coldstraightened. Blowpiped once at 0.22 | 
| 7 in./min. Not straightened. | 
17 | Seal welded under restraint. 0.38 0.37 Do 
18 | | 
| Le | 0.36 | | 
15 | Do, and blowpiped once at 7 in. per | 0.16 | 0.16 | Do, * 
16 | min. under restraint | 0.16 | | . 
19 | As 17 and 18 and ground with portable 1.30 | 1.72 
20 | wheel to } in. radius (approx.) 2.14 
21 | As 17 and 18 and then another run of. 7 4 f 
| | .72 The radius on these fillets .was 
Bee Z 7 in. fillet. 59 | rather irregular due to hand grinding 
| Fillet ground with portable wheel | and was only } in. at one part of test 
| to 2 in. radius (approx.) | piece 22. The flaw causing failure | 
| originated in that part of the test 
The heat-affected zone in butt arc-welded */,-in. plates tested by Boehm” after three types of heat treat 


Yoloy plates have a hardness of 82 RB ‘‘as-welded,” 
according to the tests of Boehm;'* heating to 1650° F. 
reduced it to 67 RB, which was also the hardness of the 
“as-received”’ plates (Table 46). 

Williams* states that the high copper Yoloy steels do 
not air harden appreciably on cutting or welding, and 
their welded structures may be used without heat treat 
ment in many instances. Electrodes satisfactory for 
low carbon steels are equally satisfactory for Yoloy 
steels, but if a strength equal to that of the rolled plate is 
required, alloy electrodes must be used; thus, a low car- 
bon rod containing about 0.40% molybdenum in the 
coating produces welds comparable in strength to the 
base plates.** As shown in Table 61 (Williams**), 
‘/y-in. plates containing 0.10-0.12% C, failed uniformly 
outside the welds on tension; those containing about 
0.20% C failed in the weld, but at high values. The 
“as-welded”’ plates bent satisfactorily 180°. 


Fatigue Strength 


The fatigue strength values of the welded Yoloy 
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ment, are shown in Table 60. The author used R. R. 
Moore rotating bend-type fatigue test specimens. While 
the non-welded plates lost 10.6% in fatigue strength on 
stress relieving (1250° F., furnace cooled), the welded 
plates showed no change; there was no change mucro- 
scopically, either. Upon normalization, however (1650 


Table 59—Tensile Tests* on Arc-Welded Low-Ni Alloy Steels. 


Sands?! 


Elonga Reduction 


Carbon, tion, in Location of 

w// Psi Psi % Area, % Failure 
0.08 57,000 63,000 29 70 Parent metal 
0.08 65,000 69,000 26 66 Parent metal 
0.08 65,300 33 54 Parent metal 
0.08 65,900 34 56 Parent metal 
0.22 85,600t 95,400 27 12 Parent metal 
0.22 85,200 91,800 27 4 Parent metal 
* Tested ‘‘as-welded.”’ 
+ Unwelded plate ‘‘as-rolled.””. Y.5 72,000 psi 

255-s 


“ADINGs 
3 
> 
D 
$2 (a 
(I 
47 
| 
520 
120 
“5 
3 
5 
5 
— || 


P.m. ————+ Wa. — Pm. 

leo | | | 
i ' 


o-B Position, 


= 


Position, 


BRINELL HARDNESS (CONVERTED) . 
° 


RRADINGS 
& APART 


Fig. 13-—Brinell Hardness Across Butt Weld Taken from 8*/,-In. O.D. x 0.906-In.-Thick Wall C-Mo Pipe 


Preheated and Stress Relieved. Emerson?’ 


W.M. = Weld Metal. H.A. = Heat-Affected Area. P.M. = Parent Metal. 


F., furnace cooled) there was an enlargement of the micro- 
scopic structural units, which could probably account for 
the slight drop in fatigue strength. 


Carbon-Molybdenum Steels 


Tensile Properties; Creep 


White and Crocker® report the following physical 
properties for all-weld-metal cut from arc-welded joints 
in C-Mo pipes, containing 0.14 C, 0.43 Mn, 0.11 Si, 
0.48 Mo and welded with C-Mo electrodes: T.S. = 
66,650 psi.; Y.S. = 43,000 psi., for a 0.2% set; elonga- 
tion = 32.5% in 2 in.; reduction of area = 65%. The 
pipes were preheated to 450—-600° F. and stress relieved 
after welding for 2 hr. at 1200° F. 

Industry and Welding’® (anon.) reports a_ tensile 
strength of 66,300 psi. for full section tensile test speci- 
mens (1.0 x 1.84 in.) cut from arc-welded oil refinery 


Table 60—Fatigue Limit of Butt-Welded and Unwelded 
Yoloy Steel. Boehm'* 
Heat Treatment 


Unwelded, Psi. Welded, Psi. 


**‘As-received* 47,000 30,000 
Stress relieved t 42,000 30,000 
Normalized f 38,000 28,000 


* The unwelded plates were received in the hot rolled condition; 
for welded plates this term denotes ‘‘as-welded.”’ 

+ 1250° F. and furnace cooled. 

t 1650° F. and furnace cooled. 


reaction chambers; reduced section tensile specimens 
(1.0 x 1.67 in.) had a tensile strength of 72,500 psi. a: 
broke in the weld, whereas the former broke in the plat 

The reaction chamber plates (1*/)5 in. thick, O.D. § ft 
0.21 C, 0.50-0.90 Mn, 0.15-0.30 Si, 0.40—-0.60 Mo) wer 
are welded with Cr-Mo rods and stress relieved at |20() 
F. followed by very slow furnace cooling. Stress-reliev: 
all-weld-metal had the following physical properties 
T.S. = 71,750 psi.; Y.P. = 59,000 psi.; elongation ; 
2 in. = 26.0%. The welds were able to bend 
standard bend tests; on reverse bending the angle of bend 
was only 160° (Table 62). 

Creep: The creep characteristics of the are welds tested 
by White and Crocker®’ (see above) were surprising) 
good. Under a stress of 15,000 psi. at 925° F. the cree 
rate per cent per 1000 hr. was 0.019; the creep rate per 
cent per 100,000 hr. was 1.9; the estimated stress tor 
1% per 100,000 hr. was 13,250 psi. Harris, Jones ai 
Skinner** report a steady creep rate of 1.05 X 10 
per inch per hour for 0.59% molybdenum (0.13 ( 
weld-metal, under a stress of 20,200 psi. at 975° F.; thy 
test was continued for 21 days. At a stress of 3,0) 
psi. the creep test specimens fractured after 2! ( 
(Table 63). 


Hardness 


Emerson” investigated the weld hardening characte! 
istics of single-pass beads deposited on 12 x 16 x 1’ 
C-Mo plates (0.19 C, 0.46 Mo), using a */)5-in. electrode, 
200 amp., and a welding speed of 6 in. per minute. 11 
the heat-affected zone, the average hardness was 2) 


Table 61—Tensile Properties of Yoloy Steel. Williams” 


Y.S., Weld Y.S., Parent Ult. Failure 

As-welded 57,000 55,800 63,000 Parent metal 
0.08 C, 1.99 Ni, 1.02 Cu 65,000 55,800 69,000 
950° F., 1 hr. 80,000 63,500 83,000 Parent metal 

72,000 63,000 80,400 
As-welded 85,600 72,000 95,400 Parent metal 
0.22 C, 1.98 Ni, 0.92 Cu 85,200 66,300 91,800 Parent metal 
950° F., 1 hr. 82,600 85,000 90,300 Weld (Yoloy inclusion ) 

78,500 94,000 100,800 Weld (Yoloy inclusion 
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2—Tensile Properties of C-Mo Steels. Anon. 
th and Welding” 
Vessel No. 1 Vessel No. 2 
Full Section Tensile Test 
Dimensions, in.. 1.0 x 1.84 1.0 x 1.825 
Tensile Strength, 
66,300 69,000 
Failed In ..... Plate Plate 


Reduced Section Tensile Test 


Dimensions, in.. 1.0 x 1.67 0.986 x 1.70 
Tensile Strength, 

72,500 73,700 
Failed In ..... Weld Weld 
Standard Bend Test 
Dimensions, in.. 1.45 x 2.15 1.75 x 2.33 
Angle of Bend, 

180 120 
Radius of Bend, 

in. wry 1.5 1.5 
Flong. ‘at Out- 

side Fibres % 32.0 30.0 


Reverse Bend Test 


Dimensions, in.. 1.45 x 2.15 1.70 x 2.33 
Angle of Bend, 

160 | 120 
Radius of Bend, 

Elong. at Out- 

side Fibres % 30.0 31.0 


Brinell; the maximum hardness was 270 Brinell. Also 
microexamination of the torch-cut surface indicated 
transformation products of low hardness—not exceeding 
225 Brinell. The author concludes that even under the 
severe conditions of a single-bead weld, the weld-harden- 
ing tendency of low-carbon -'/2% molybdenum steels is 
only slight. The above conclusion was confirmed by 
heat-treatment tests which showed that it was necessary 
to water quench from 1925° F. to produce severe hard- 
ening; air cooling from as high as 1925° F. or water 
quenching from 1650° F. failed to induce excessive hard- 
ening, 


Table 63—Creep Rates of '/,% Mo Steel Weld Metal. 
Jones and Skinner*’ 


Harris, 


Steady Creep Rate, 


Stress, Psi 975° F. Length of Test 
11,200 Not measurable 24 days 
15,700 Not measurable 14 days 
20,200 1.05 & 10-6 in./in./hr. 21 days 
29,100 2.8 X 10~* in./in./hr. 21 days 

Note: At a stress of 33,600 psi. the creep test specimens frac- 


tured after 21 days. 


The effects of welding speed, decreasing carbon con- 
tent and increasing molybdenum content on the weld 
hardness of molybdenum steels are shown in Fig. 11 ac- 
cording to Theisinger.22 The tests were made on metal- 
lic are single-bead deposits on 9 x 2 x '/2-in. plates con- 
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taining 0.15 C and 0.48 Mo, or 0.25 C and 0.24 Mo. The 
maximum hardness variation for the 0.15 C steel between 
a welding speed of 4 in. per minute and one of 18 in. per 


minute was only 65 points Brinell, i.e., from 200 to 265 
Brinell. 


Arc Welding C-Mo Piping 


Physical Properties: Multiple-pass arc welds in C-Mo 
pipes (6°/s in. O.D., 0.432 in. wall thickness: 0.19 C, 
0.46 Mo) failed in the parent metal on tension, according 
to Emerson.” The author used a */j-in. split band 
backing ring, with a root opening of */\,in. Preheating 
and/or stress relieving had little effect, if any, on the 
tensile strength (62,900 psi. vs. 69,880 psi., Table 64). 
The beneficial effect of preheating is noted, however, in 
the root bend results. The per cent elongation in the 
outside fibers in face bending exceeded the required 
30% minimum regardless of preheating (400° F.) or 
stress relieving (1225° F.); the root bends, however, 
exceeded 30% only when preheated. Specimens that 


Table 64—Tensile Test Results. Emerson” 


Tensile Strength, 


Heat Treatment Lb./In.? Remarks 
No preheat 69,880 

No stress relieve 

No preheat 62,280 


Stress relieve All 4 tests failed in the 


68,660 


Preheat parent metal 
No stress relieve 
Preheat 62,970 


Stress relieve 


had been preheated and stress relieved showed an aver- 
age elongation in both root and face bending exceeding 
45% (Table 65). Welds that had no’preheat or stress 
relieving treatment were somewhat harder, but were still 
within a safe range—180 Brinell being the maximum 
hardness (Fig. 12). Similar results were also obtained 
in multiple-pass welds in 8°/; in. O.D. x 0.906-in.-thick 
C-Mo piping that had been preheated and stress relieved. 
In general, the hardness of the weld metal was about 
25-35 points higher than that of the base plates; all 
hardness readings, however, were well within a range 
which would indicate satisfactory ductility (max. 160 
Brinell, Fig. 13). An anonymous source in Welding 
Engineer® states that to insure the elimination of locked 
up stresses all welds in material '/2-in. thick or more re 
quire stress relieving. The correct procedure for welds in 
C-Mo piping would be to bring them up slowly to about 
1250° F., hold them there for about one hour per inch 
of wall thickness, and then cool not faster than 250° F. 
per hour between 1200° and 600° F.; when 200° F. is 
reached, they can be cooled in still air down to room tem- 
perature. According to the above source, the higher 
the temperature of stress relieving, the better the bending 
and hardness properties of the welds. 

Effect of joint design and technique: MHarris and 
Jones” investigated the effect of various types of joint 
designs on the appearance of basal cracks in C-Mo pipe 
welds (0.20—0.27 C, 0.50 Mo; O.D. = 10 in., wall thick 
ness = lin.). The type of weld joint shown in Fig. 14 
(A) (small backing ring) showed small microscopic basal 
cracks, beginning in the tip of the base plate; the welds 
were made with a molybdenum-bearing electrode and 
were preheated to 150-200° C. Using mild steel elec 
trodes, or increasing the rate of heat input by increasing 
the width of the first run, or raising the preheating tem 
perature to 300° C., did not remove the above cracks. 
The type of weld joint shown in Fig. 14 (C) (inside of pipe 
and backing ring machined to make a close fit) also 
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Fig. 14—A-D. Types of Joint Preparation Investigated and 
Incorporating Steel Backing Rings. Harris, Jones and Skinner?® 


showed basal cracking; using mild steel electrodes with 
a preheat to 300° C., however, diminished the cracking 
somewhat; with a preheat to 350—-400° C., only one of 10 
sections showed traces of basal imperfections. But even 
in the latter case the success was greatly dependent on 
the skill of the welder. The joint type shown in Fig. 14 
(D) differs from 14 (C) only in that the 5° bevel of the 
latter had been dispensed with; this small modification, 
however, was all important. Samples of butt welds 
made by many welders showed no basal cracking at 
all in this joint design, even with no preheating. Simi- 
larly good results were obtained in */s-in. pipes (5 in. 
O.D.). The effects of joint design are summarized in 
Tables 66 and 67. 


Gas Welding C-Mo Piping 


The American Standard Association Code for Pressure 
Piping, and the Tentative Standards of the A.S.T.M. 
for seamless C-Mo alloy steel piping for service tempera- 
tures of 750-1000° F., are shown in Tables 68 and 69, 
respectively. The welded specimens are to show a mini- 
mum joint and all-weld-metal tensile strength of 55,000 


Table 65—Bend Test Results. Emerson” 


% Elongation 


in Outside 

No. Bend Fibers 
No preheat 1 Face 33 

No stress relieve 4 Root 261/; 
6 Face 35 

9 Root 19'/; 

No preheat 1 Face 521/, 
Stress relieve + Root 22 
6 Face 44 

Root 
Preheat 1 Face 43 
No stress relieve 4 Root 50 
6 Face 38 
9 Root 38 

Preheat 1 Face 46'/, 

Stress relieve 4 Root 51'/; 
6 Face 42 
Q Root 52 
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psi., a minimum free bend ductility of 30% and a 
mum elongation of 20% in 2 in. for all- weld-r mn aa "7 


To meet the above specifications, Rooke and Saact 
recommend the following gas welding procedure 
All pipe of °/s-in. wall thickness or greater shal] pe , 
heated to about 1100° F. and maintained there duris 
the entire nye operation. (2) Bevel pipe s to 304: 
preferably space the pipes approximately 

/, in. apart; ‘tes '/s-*/\e-in. welding rod for the 
two layers of multilayer welds; welding rods of the cam 
composition as base metal should be used— practical) 
no Mo is lost during welding. (3) Entire weld aay 
normalized—teheat with torch to at least 1600° PF. 
cool slowly in still air; the beneficial effects of tor, 
normalizing on the physical properties are shown ; 
Tables 70 and 71. To further increase the duc tility 
the weld metai, one may use a lower carbon-lower m,; 
ganese rod, as shown in Table 72. Following the in vi 
recommendations, the authors have shown in Table 7: 
that the above specifications are easily met. 


= 


es t> ve tbe 


Table 66—Summary of Examination of Welds in |.” 
Mo Steel, Type “‘C’’ Joint Preparation. Harris, Jones 
and Skinner?! 


No. of Sec- No. of Sec. 
tions Exa- tions wit) 
Weld Ref. Preheat. Welder. mined. Basal Cracks. 


43 350/400 F. 10 | 
50 350 P. 8 0 
126 350 P. 12 | 
44 350 McA, 12 0 
46 350 McA. 12 2 
47 270 McA. 12 
48 350 McA. 12 6 
53 350 ;. 12 0 
112 350 ‘. 12 0 
116 350 I. 12 6 
117 350 12 6 
118 350 I. 12 5 
55 350/380 T. 12 6 
56 350 12 
107 350 7. 12 2 
110 350 12 
130* 350 McA. 8 0 
145* 350 McA. 12 0 
145A* 350 T. 12 1 


*—In } per cent. molybdenum steel with 0.18 per cent.. 
C. (Basic electric steel). 


In tests conducted by Seabloom,*’ oxyacetylene welds 
in C-Mo piping exceeded in their physical properties th: 
A.S.T.M. requirements. The author used a */ st! 
C-Mo rod on 10°/s-in. O.D. and 0.718-in. wall thickness 
piping, employing the multipass backhand technique 
The welds were stress relieved with the torch, by reheat 
ing to a medium cherry-red color—about 1300° |! 
Free back-and-side bend specimens bent 180° withou' 
failure, and showed an average outer weld fiber elonga 
tion of 44%, which exceeds by a good margin the min! 
mum requirements of 30% as stipulated by the A.S.A 
Pressure Piping Code. Both the welds and heat-affecte« 
zones had a Charpy impact strength of 43.5 ft.-Ib. 

Kugler” states that the backhand technique i is by tar 
superior to the forehand in welding C-Mo piping. Weids 
of the backhand technique in */s-in. C-Mo piping readil) 
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Table 67—Summary of Examination of Welds in '/,%. 
Mo Steel, Type ““D’’ Joint Preparation. Harris, Jones 
and Skinner*’ 


No. of Sec- No. of See- 
tionsexam- tions with 


Weld Ref. Preheat. Welder. ined Basal Cracks 
C. 
113 250 P. 10 0 
115 250 Fr. 12 0 
136 300 oe 12 0 
141* 100, 200, P. 12 0 
300 
7) 350 12 0 
175 350 P. 12 0 
189 None P. 12 0 
178 350 3. 12 0 
230% None H. 12 0 
253 None G.2 12 0 
259* None 12 0 
283 None MeM. 12 0 
29] None 12 0 
319 None McA, 12 0 


*_In } per cent. molybdenum steel with .18 per cent. C. 


developed 100% of the strength of the unwelded pipe in 
reduced section tensile tests, and bent 180° without 
failure in reverse bend tests; forehand welds showed 
lower values in the above tests. For tubing thicker 
than */s in., multilayer welding should be employed, ac- 
cording to the author, as the difficulty of controlling a 
large puddle of metal may result in bad quality; in gen- 
eral, about one layer for each '/, in. of thickness should 
be deposited. Free-bend ductilities of 25-50%, and 
occasionally higher, are often obtained in these welds. 


Fatigue Strength 


Wilson and Wilder*! tested the fatigue strength of 
double-V butt-welded */,-in. silicon steel plates (0.30 
C, 0.23 Si), using as a criterion of fatigue the maximum 


Table 68—Requirements of A.S.A. Code on Pressure Piping. 
Rooke and 


Reduced Section Tensile Test 
Minimum tensile strength—minimum of specified tensile range 
of plate 
Free Bend Test 
Minimum free bend elongation, 30% 
Restricted bend Test 
Face bend—no failure 
Root bend—no failure 


Table 69—A.S.T.M. Tentative Specification A206-38T for 
Seamless C-Mo Alloy Steel Pipe, 750 to 1000° F. Rooke and 


Chemical Composition 
Carbon, % 0.10/0.20 
Manganese, % 0.30/0.60 
Phosphorus, maximum, % 0.04 
Sulphur, maximum, % 0.05 
Silicon, % 0.10/0.50 
Molybdenum, % 0.45/0.65 

Physical Characteristics 


stress to which the welds can be subjected for 2,000,000 
cycles. 
trodes of the C-Mo low-alloy type (0.10-0.12 C, 0.40 
0.60 Mo). 
in the as-welded condition was 24,000 psi.; welds that 
had been machined flush with the plate on both sides 
were not materially different (23,700 psi.). 
metal appeared to be weaker in fatigue than the base 
plate, as fracture occurred in the center of the weld. 


The welds were made with shielded arc elec- 


As shown in Table 74, the fatigue strength 


The weld 


Silicon Steels 


A frequent occurrence in oxyacetylene welding of mild 


steels, especially thin sections, is ‘frothing’ or “‘burn- 
ing’’ at the under side of the weld. 
shown that the phenomenon has little to do with the 


Numerous tests have 


Table 70—Effect of Thermal Treatment on C-Mo Steel 
Pipe Welds (1-6). Rooke and Saacke** 


Outside Diameter inches 8 inches 
Wall Thickness 0.437 inch 0.75 inch 

Torch Normalized Stress Relieved* Annealedf 
Tensile strength in psi 


Range 59,600 to 69,200 57,400 to 58,900 51,900 to 53,000 

Average 64,000 58,200 52,400 
Free bend elongation in % 

Range 28.3 to 54.4 25.7 to 44.2 31.2 to 47.2 

Average 35.4 35.4 36.8 
Rockwell hardness 

Range 72 to 80 72 to 80 63 to 79 

Average 75 74 70 
Equivalent Brinell (3000-10-30) 

159 147 125 
* Stress-Relief—*/, hour at 1225° F. 


+ Anneal—1 hour at 1750° F., furnace cool to 1250° F. and air 


cool. 


Table 71—Effect of Torch Normalizing on Physical Charac- 
teristics of 0.505-In. Diameter, All-Weld-Metal Specimens. 


Rooke and Saacke”' 


As-Welded lorch Normalized 


Tensile strength, psi 
Range 
Average 
Yield point, psi 
Range 
Average 
Elongation in 2in., % 


71,000—86,200 
76,600 


6§2,000-72,300 
66,100 


49,000—60,000 
52,600 


34,000-39,000 
37,000 


Range 10.0-23.0 24.0-28.0 
Average 15.4 25.8 
No. of specimens tested 12 6 


type of rod, or type of flame used; it was found, however, 
that excessive burning was associated with a high degree 
of fluidity of the metal during welding. Chemical analy- 
sis of a number of steels showed that gas weldability as 
judged by freedom from burning was dependent on the 
silicon content.** Swinden and Sutton* state that sili- 
con is beneficial to good gas welding and counteracts the 
bad effects of other alloying elements. Séférian® states 
that bubbling and gas porosity due to gas evolution can 
be prevented by using ferrosilicon as a flux. 

Haigh* reports that arc-welded specimens cut from the 
liner Mauretania (7/3 in. thick; 0.31 C, 0.79 Mn, 0.83 Si) 


Tensile strength, minimum psi. 55,000 we 
Yield point, minimum psi. 30,000 had a high degree of ductility in both bend and fatigue 
Elongation in 2 in., minimum, °% 30 tests. Some of the welds were made by the Unionmelt 
process. 
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Table 72—Chemical Composition vs. Physical Char- 
acteristics. Rooke and 


Heat 1 x 926 Heat 3755 


Carbon 0.09 0.02/0.03 
Manganese 1.03 0.48 
Phosphorus 0.017 0.004 
Sulphur 0.028 0.019 
Silicon 0.22 0.20 
Nickel 0.57 0.43 
Chromium 0.06 0.12 
Molybdenum 0.56 0.46 


Results of 0.505-Inch All-Weld-Metal 
Tensile Tests 
Tensile strength, psi 


Range 62,000 to 72,300 60,300 to 63,000 

Average 66,100 61,300 
Elongation in 2 inches, % 

Range 24.0 to 28.0 22.0 to 33.0 


Average 25.8 27 9 


Miscellaneous Low-Alloy Stzels 


“Otiscoloy”’ 


“Otiscoloy”’ is an alloy developed by the Otis Steel 
Company, containing 0.12 C (max.), 1.00—-1.35 Mn, 0.1 
Si (max.), 0.50 Cu (max.), 0.1 Ni (max.), and 0.1 Cr 
(max.). As reported by the company® the steels do not 
harden adjacent to the weld, and may be used as-welded, 
without a stress-relieving treatment. Charpy impact 
tests across the entire welded section do not disclose ap- 
preciable variations. Some reported impact strength 
values of arc-welded */,-in. plates as follows: 


Table 73—Physical Characteristics of C-Mo Alloy Steel Welds. Rooke and Saacke’‘ 


Single Vee Butt Joints 
Pipe O. D. 41/, inches 
Wall thickness 0.437 inch 
Tensile strength, psi 
Range 62,400/66,500 
Average 64,600 
Point of failure In pipe 
Free bend ductility, % 
Range 28.3/54.4 
Average 34.6 


Standard 0.505 Inch All-Weld-Metal Tensile 
Tensile strength, psi 


Range 62,000 to 67,000 


Average 
Elongation in 2 inches, % 


Range 24.0 to 28.0 
Average 25.8 


Table 74—Fatigue Strength of Butt Welds in ‘/,-In. Si Steel 
Plates. Wilson and Wilder®' 


Zeyen* 
Stress Cycles for Fatigue 
Condition of Cycle, Failure, Strength,* es ates or 
As-welded 0-27.0 353 22,800 Crack began at edge Grade Cc ol Mn I ; 
of weld and ex- Izett 2 0.16 0.18 0.50 0.010 0.021 
0.27 0.27 0.56 0 O18 0.021 
0-24.0 3015 25,100 Broke at center of Mechanical Properties 
we 
0-26.0 872 24,000 Broke at edge of Elon- . 
weld gation, Note! 
Average 24,000 Thick- Yield Tensile % in Impa 
Weld planed flush 0-33 .0 284 27,200 ness, Strength, Strength, Value 
with base plate 0-30.0 41 20,400 » roke at center 
on both sides 0-27.0 465 23,400 weld Grade In. Lb./In.* Lb./In.* Area 
927 2 0.47 38,500 58,500 3l 19 (DV ME 
2 1.18 31,000 58,500 24 21 (VGI 
* Fatigue strength based on failure at 2 million cycles in which stress varies 4 0.47 44,000 70,000 24 12 (DVMR 
from zero to maximum tension, and as computed by the equation F = 4 118 35 500 68.500 20 15 (VGB 
SCN /2,000,000)% 
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Location of Notch Charpy Impact, F; 


In parent metal 37.0 
In weld metal 38.0 
In weld junction 39.0 
In heat-affected zone 38.0 


Unwelded as-rolled plates show a minimum of |5 ft. 
Charpy impact strength at — 50° F. 7 


N-A-X High-Tensile Steel 


N-A-X high-tensile steel is made by the Nation.) 
Steel Corporation; its nominal composition is: ().|()-) 
C, 0.60-0.75 Mn, 0.65-0.90 Si, 0.25 Cu (max.) ().59-( ¢: 
Cr, 0.10-0.25 Ni, 0.15 Mo (max.), 0.10-0.15 2, 
Multilayer arc welds in the above plates, made with 
Murex filler rod, had a Rockwell ““B”’ hardness of §3-s; 
in the weld zones and 85-87 in the heat-affected zone. 4 
against 82-85 RB of the base plates. (Nore: 7h, 
above values are for as-welded plates.) Their Char) 
keyhole impact strength at 75° F. was 37.5 ft.-lb. in th 


weld zone, 47.5 ft.-lb. in the line of fusion, and 39.0) ft.) Not 
in the heat-affected zone; the corresponding values y for pls 


d 
—60° F. were 29.3, 21.0 and 29.0 ft.-Ib. (NOTE: Valye« 
are for as-welded condition.) 


Welding Boiler Plate with Alloy Steel Rods 


In Tables 75 and 76 are shown the physical propertics 
required of butt welds in two types of boiler plates, « 
of 58,500 psi. tensile strength (Izett 2), the other of 70,00) 
psi. (Izett 4), as reported by Theis and Zeyen.*’ Too) 


Weld Requirements 


8 inches 14 inches 
0.75 inch 0.75 inch 


62,100/69,200 61,300 /62,200 
64,300 61,800 
In pipe In pipe 


32.8/44.5 40.3/53.0 
36.8 46.8 


55,000 minimum 


30 minimum 


55,000 minimum 


20 miniuwum 


Table 75—Boiler Plates Used for Butt Welds. Theis and 


phy 
illo’ 
in 
thic! 
met 
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Phe 
plate 
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Pt-Lb tain the required properties, the authors investigated the cracks tended to form along lines of slag inclusicns at the 
ohysical properties of a series of gas welds made with weld junction. Despite the inadequate bend angle of 
oy rods of various compositions (Table 77). Asshown most specimens, the bend elongation was high 20-55°; 
‘1 Table 78, all normalized welds in Izett 2 steel (0.47 in. in normalized ccndition. Also the 0.47-in. thick Izett 
thick; normalization = 30 min. at 910° C., air cooled) 4 welds had excellent properties, but normalizing was 
met the above requirements; in the as-welded or stress- necessary to raise the impact strength above 6 mkg./cm.?: 

f 15 tty mnealed (2 hr, at 600° C., furnace cooled) condition, in fact, normalizing raised the notch impact strength to 
7 however, the welds had inadequate impact strength. 12-14mkg./em.? Unlike in Izett 2 steels, normalization 

rhe bend elongation was 20-30% (180") for all speci- decreased the tensile strength of this steel by 5000 

mens. The same results were obtained for 1.18-in. 10,000 psi.; furthermore, fracture in the tensile test 

plates of the same steel, except that great difficulty was occurred always in the weld in Izett 2, but occurred 

Nationg fy experienced im meeting the bend specification, since partly in the base metal and partly in the junction zone 

0.104 1¢ 

0.500) 
0.15 2, Table 76—Properties Required of Butt Welds in Boiler Plate of Grades 2and4. Theis and Zeyen* 
it} e 
: — . Thickness, Tensile Strength, Notch Impact Bend Angle, Quench Bend 
93-85 Grade In. Lb./In.? Value, Mkg./Cm.* As-Welded, Degrees Angle, Degrees 
One, as 2 0.47 55,500 8 180 180 
OTE: Thy 2 1.18 55,500 12 180 180 
ir Charpy 4 0.47 63,500 6 180 180 
Ib. in th, 4 1.18 63,500 9 180 180 
1.0 ft. Notch-impactvalue of welds 0.47 in. thick is determined on aDVMR specimen 10 x 10 x 55 mm. with notch 3 mm. deep, 1 mm. radius; 
I 
Values a} for plates 1.18 in. thick the VGB specimen is used (15 x 30 mm. with notch 15 mm. deep, 2 mm. radius). All bend tests were made with 
Rs V : weld machined flush and with a plunger diameter = 37 (T = plate thickness). Specimens for the quench bend test were heated 30 min. 
ales at 659° C. and quenched in water at 28° C. before testing. 
ds 
Table 77—Composition (%) of the Welding Rods. Theis and Zeyen™ 
Toperties Rod No. . Si Mn Ni Cr Mo Other Elements 
ates, 01 1 0.11 0.22 0.86 a 
ot 70,000 2 0.13 0.34 1.00 1.04 at 
Too! 3 0.13 0.30 1.01 0.89 0.35 ; 
4 0.12 0.33 1.02 0.89 ba ; 0.24 Al 
5 0.12 0.37 0.95 0.88 0.27 7 
6 0.12 0.31 0.97 0.83 0.25 V 
7 0.14 0.29 1.06 ah 0.82 0.27 P 
& 0.18 0.44 1.17 0.90 a 0.33 Ti 
ments Q 0. 16 0.56 1.06 0.89 0.37 ~— 0.14 Ti 
10 0.19 0.46 1.18 0.86 0.34 0.23 0.26 Ti 
11 0.19 0.41 0.89 0.36 0.27 
The hydrogen content varied from 0.0004 to 0.0007%; oxygen content varied from 0.009 to 0.023%, and nitrogen from 0.002 to 
0.010%. The rods were 0.16 in. diameter and were rolled from 110 lb. experimental melts. 
num 
Table 78—Mechanical Properties of All-Weld-Metal. Theis and Zeyen’' 
num 
DVMR 
Notch- 
Yield Tensile Elongation, Reduction Impact aes 
Rod Strength, Strength, % in 4 of Area, Value, Appearance of Fracture in Tensile 
jum No. Treatment Lb. /In.? Lb. /In.? In. % Mkg./Cm.? and Notch-[mpact Test 
l Ww 39,000 62,000 33.3 O4 16.6 Fine grained with matt edge 
1 N 44,500 64,000 32.0 69 17.0 Fine grained with matt edge 
um 2 W 41,000 70,000 27.3 5] 12.6 Coarse grained with matt edge 
2 N 48,000 68,500 29.5 63 16.7 Fine grained with matt edge 
3 WwW 44,000 72,000 27.3 55 12.4 Coarse grained with matt edge 
3 N 48,000 67,500 26.1 54 16.6 Matt 
4 W 47,500 66,500 16.2 33 11.8 Coarse grained with matt edge 
4 N 46,000 63,500 31.2 68 16.4 Fine grained with wide matt edge 
is and 5 Ww 45,500 73,500 21.1 51 10.3 Coarse grained 
5 N 44,000 70,500 24.5 51 15.1 Matt 
6 Ww 63,500 76,000 10.9 38 10.3 Fine grained 
6 N 55,000 71,000 26.0 54 17.8 Fine grained with wide matt edge 
S 7 Ww ae 85,500 14.5 49 11.7 Medium grain with matt edge 
0.02 7 N 41,000 77,000 23.6 64 13.1 Fine grained with narrow matt edge 
2 8 Ww 48,000 79,000 13.1 26 10.2 Coarse grained 
8 N 49,500 71,000 18.7 35 13.5 Fine grained with bright spots 
9 Ww 49,000 79,000 11.3 23 10.7 Coarse grained 
9 N 56,000 75,000 15.5 31 12.7 Matt ; 
LO Ww 72,500 90,000 a 24 6.0 Very coarse grained 
, 10 N 49,500 80,500 9.8 25 8.6 Fine grained 
: 11 Ww 65,000 80,500 2.0 24 6.0 Very coarse grained 
Cn ll N 41,000 73,500 17.6 33 11.0 Fine grained with matt edge 
‘MR 
B 


The results are averages of two specimens cut from a dep.sit 6 to 8 layers deep made in the right angle between two open-hearth 
+2 steel plates 0.79 in. thick using forehand technique. 


R W =As-welded. 
N = Normalized (heated 30 min. at 900° C. and cooled in air). 
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Table 79—Physical Properties of High-Tensile Strength Boiler Plate. 


Thickness, 


Chemical Composition, %— —~ 


Theisinger*® 


Physical Properties* 


Flon 
In. Mn Si Ni Cr Mo TS. Psi. Y.S,Psi. 
C-Si ; 
Plate 2.5 0.27 0.72 0.23 ” 77,600 46,900 98 
All-weld metal 0. 505t 0.09 0.51 0.19 0.57 77,000 61,250 30 
Cr-Mn-Si 
Plate 1.5 0.16 1.35 0.74 0.52 81,000 58,000 
All-weld metal 0. 505t 0.14 0.65 0.15 1.00 0.31 0.80 91,000 78,000 99 
C-Ni 2 
Plate 1.0 0.17 0.75 0.21 2.25 ra 75,000 52,000 26 
All-weld metal 0.505¢ 0.10 0.54 0.08 2.30 0.29 80,000 67,000 oF 
C-Mo 
Plate 3.0 0.20 0.83 0.24 0.48 75,000 55,000 98 
All-weld metal 0. 505tf 0.11 0.64 0.10 0.53 73,000 55,000 32 


* All tests in stress-relieved condition 
+ Tensile size test specimen. 


in Izett 4 steel. For the 1.18-in. thick Izett 4 plates, 
only Rods 3, 6 and 7 (Table 77) can produce normalized 
gas welds meeting the specifications for the two German 
boiler steel plates, provided the steel is 0.47 in. thick. 
The bend and tensile requirements could be also met in 
the 1.18 in. thickness of steel Izett 2, but not in Izett 4 of 
the above thickness. 

In Table 79, Theisinger*’ reports the type of alloy 
welding rods to be used for welding so-called 70,000 psi. 


Fig. 15—Edge of Flame-Cut Ni Steel (100 X). 
Colored Zone Along the Edge Is Austenite Which Is Prevented 


The Light 


from Decomposing by Its High Ni Content. Cady*! 
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Table 80—Ni Content of Metal from Flame-Cut Edge 


Cady“! 

Sample Original Metal Metal from Cut Edge 
No. S.A.E. %C %Ni %C % Ni 
320 2320 0.20 3.47 0.48 9.28 
345 2345 0.45 3.44 0.82 10.84 


minimum tensile steels for boiler and pressure vessels 
With the proper alloy rods and stress-relieving treatment 
a tensile strength exceeding 70,000 psi. is easily at 
tained. 

Hessler” reports that the 1940 German Code for Ma 
terials and Construction of Stationary Boilers confines 
the chemical composition of boiler tube steel, to bx 
welded without subsequent heat treatment, to the follow 
ing: 0.25 C, 1.2 Mn, 0.4 Si, 0.3 Ni, 0.2 Cr. 0.3 Ni plus 
Cr, 0.3 Cu, 0.5 Mo and 0.2 V. 


Cutting and Flame Hardening 


Wilkinson and O’ Neill‘ state that silicon and chromium 
hinder the burning process in gas cutting, but Mn, Cu 
and Ni do not yield troublesome oxides. The main 
factors governing the softness of the cut edge, according 
to the authors, are: 


1. Chemical composition of the plate. 

2. Composition of the fuel gases used. Acetylene 
permits higher cutting speeds in practice, but 
because of the liability to increased cracking, tt 
is preferable to use coal gas for the low-alloy 
steels. 

3. Burner adjustments. 

4. Speed of cutting. Lower welding speeds reduce 
the hardness. 

5. Dimensions of plate; especially thickness. 


Thick plates are more liable to produce hard edges than 
thin ones; preheating reduces the liability to harden 
and cracking. 

Johnston® recommends that torch cutting of low-alloy 
steels should be done with the smallest size tip practic 
able. Use of a larger tip is to be avoided, so as to pro 
vide a smooth and clean cut, with a minimum tendency 
for the metal to flow together back of the cut. 

Cady" investigated the metallurgical effects of oxyge" 
cutting in two nickel steels (S.A.E. 2320 and S.A.E 
2345). Due to their greater hardenability as compared 
with plain carbon steels, these tend to produce a greater 
depth of the heat-affected zone, but the degree of hard- 
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not appreciably changed. As nickel is less readily 
xidized than iron, it tends to stay in the metallic state 
an accumulation at the cut edge, causing an 
nrichment in nickel. This was proved by chemical 
nalysis of the cut edge, as shown in Table 80. The 
trrect effect of this nickel accumulation is to make the 
ive of the steel austenitic, as shown in Fig. 15. 
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Discussion on Residual Stress 
Investigations 


By H. C. Boardman 


SPHERE (or hemisphere, or dished head) is an 
excellent structure for use in studying the effects 
on metal of general biaxial stresses induced by in- 

ternal pressure in combination with localized biaxial 
stresses induced by heating and cooling. For example 
Dr. Norton at M.I.T. could well make use of a stress- 
relieved sphere or spherical segment in his X-ray diffrac- 
tion studies. He could induce a region of localized stress 
just as he does in his flat-bar specimens, measure the re- 
sulting surface strains, apply and release internal pres- 
sure and finally measure the residual strains. 

He could also go through the same cycle of operations 
on a cylindrical shell under internal pressure. 

Having done this for a flat bar, a cylinder and a sphere, 
he would have obtained at least some knowledge ot what 
happens to highly localized internally balanced stress 
systems when they are placed in three different types of 
general stress fields in equilibrium with external forces. 

Dr. Griffis at Illinois Institute of Technology is tack- 
ling this problem in another way. He is equipped to 
test in fatigue cylindrical specimens in which the ratio of 
circumferential to longitudinal stresses can be varied 
practically at will. At present he is testing cylinders 
initially stress free, but there is no reason known to me 
why he could not as readily test specimens with initial 
highly localized internally balanced stress systems in- 
duced as Dr. Norton induces them, and perhaps meas- 
ured (by X-ray diffraction for surface strains) as Dr. 
Norton measures them. Incidentally, I believe there 
is at the Illinois Institute of Technology X-ray diffrac- 
tion equipment. 


? Brief paper on this subject presented by W. Spraragen and published in the 
May 1943 W elding Research Supplement 
‘ MN —- Engineer, Chicago Bridge & Iron Company, 1305 W. 105th St 
ticago, Ill 


If there is doubt among engineers as to the general 
behavior of spherical shells under internal pressure then, 
of course, the attention of the skeptics should be directed 
to the available records of tests and, if they are not con 
vincing, a new test program should be carried out. 

Cylinders, conical heads, toriconical heads, dished 
(torispherical) heads, ellipsoidal heads, hemispherical 
heads and spheres are all related. There is no sharp 
demarcation between them—-of this I feel sure. 

The Weld-Stress Committee is basing its work on: 

(a) The premise, ‘Physical behavior of steel varies 

with the type of imposed stress system.”’ 

(6) The question, “In a structure preloaded by 

residual stresses, what are the usable structural 

properties?” 

(c) The basic experiment of: 

(1) Producing controllable multi-axial (local 
ized) stress fields in a structure. 

(2) Measuring these stress fields. 

(3) Evaluating the residual structural proper 
ties by imposing on these stress fields uni 
axial, biaxial and triaxial stresses 

In the outline of work prepared by the Weld-Stress 
Committee are shown static and impact tests of hem 
spheres under hydraulic pressure. There are on record 
reports of many static tests of spheres, but they may not 
record the data required or expected by the Committee. 


The Literature Review should throw light on this. If 


not, then additional tests should be planned. 


I know of no impact tests of spheres under hydraulic 
pressure, and believe some should be carefully planned 
and made. Would they be in the nature of short-time 
biaxial tension tests comparable to high-speed uniaxial 


tension tests? 
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The problem of low-temperature behavior of metals 
constitutes a research field all by itself, is not confined to 
any particular types of structure and involves deoxida- 
tion practice and grain size control—in fact, all there is to 
steel making and steel testing to determine its fitness for 
specific uses. Quoting from ‘‘Project No. 13 of the Joint 
A.S.M.E-A.S5.T.M. Research Committee on Effect of 
Ten.perature on the Properties of Metals,’’ August 1941: 

‘Many industrial low-temperature uses are in the 
range where it is now known that correct or incorrect 
deoxidation practice, grain size control and heat treat- 
ment may produce steel that responds in a very tough ora 
very brittle fashion to notch impact. Heat treatments 
that do not affect the microstructure at all, such as low- 
temperature draws, or stress-relief anneals, may pro- 
foundly affect the low-temperature notch-toughness. 
Nor do all supposedly like steels respond similarly to such 
treatments. The conclusions seem inescapable that 
solution and precipitation of non-metallics, or of particu- 
lar metallic compounds (probably usually of submicro- 
scopic size and hence not amenable to direct demon- 
stration of their presence or absence), must be going on 
and that the usual methods of making a steel fine- 
grained tend to create desirable conditions of the non- 
metallics rather than the grain size may be the primary 
factor. The present state of the art does not permit use 
of composition, grain size and heat treatment as criteria 
for resistance to impact, which indicates the advisability 
of subjecting each lot to test, particularly when service 
involves temperatures below —100° F. .. . Impact tests 
secured on a single heat of steel are more or less peculiar 
to that individual heat, and will not necessarily be du- 
plicated by another heat of the same type of steel.... The 
practice of evaluating the impact resistance of any mate- 
rial, particularly at low temperature, from the results of 
even a comprehensive series of tests upon an individual 
heat of that material may lead to erroneous conclu- 
sions. ... Low-temperature notched-bar testing might 
be a useful tool in the constant search for the underly- 
ing causes of the ‘inherent individuality’ of a particular 
heat of steel, even though that heat might not be des- 
tined for low-temperature service.”’ 

I strongly suspect that it is also true that there is an 
“inherent individuality’’ of a particular heat with refer- 
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ence to its weldability—particular its susce; ptibility , 
cracking. Of this, steelmakers and gists 
sumably know much. At any rate, if I am comet 
informed, it is true, for example, that if an order { 
A.S.T.M.-A70 plates be placed in a number of mi 
some will fill it with killed, some with semi-killeq ,, 
some with rimmed steels, all meeting the prescrib. 
chemical and physical requirements, but neverth hele 
differing widely in other respects, particularly in j,, 
temperature notch impact values. All of this sy gvests 
the need for new mill tests to assure desired service per 
formance. 

The recen ly completed work at Lehigh Uniy: rsity y 
along this line, the slow-notch bend angle on i is 
having the maximum parent metal hardness associates 
with a given welded joint having been used as a measyy, 
of the ability of the joint to do its job. Obvy iously the 
difficulty is to get a tie-up between slow-notch ‘ta 
angles and the conditions under which welded joints 
required to perform. 

The problem of a suitable specimen for use in invest). 
gating triaxial stresses has intrigued many. Hyperboly 
and other types of notches have been much used; with 
them brittle fractures of so-called ductile materials ar 
obtained. Dr. Hoyt has ventured to state: “If ox 
knew the controlling properties, cohesive strength and 
resistance to deformation, and if he thoroughly under 
stood the laws of the notch effect, he would be able : 
predict by calculation whether a given steel would deform 
when notched; or open up in a crack.” I think it would 
be possible to work out a six-lobed pressure vess¢| 
each lobe corresponding to a face of a cube, with inward) 
radial diaphragms which could be connected to the six 
faces of a centrally located cubical specimen. Ther 
pressure in the vessel would result in the application of th 
same force to each of the six faces of the specimen. A 
twelve-lobed vessel could be used also. This idea may 
prove to be worth developing. It has the drawback oj 
keeping the specimen out of sight. Electric strain 
gages could be used to measure the load on each face 
Figures | and 2 are photographs of a cubisphere and 
dodecasphere, respectively, as we call them. The dia 
phragms to which I have referred extend radially inward 
from each valley. 

I have previously expressed my feeling that one oi 
the most important groups of problems now facing 
designers is that suggested by the terms plastic yielding, 
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hardening, strain aging, plastic embrittlement, age em- 
dttlement subsequent to plastic deformation, corrosion 
‘¢joue, stress corrosion and similar expressions often 
ppeat ng in current literature reflecting confusion and 
sek of knowledge. Obviously, this set of problems is 
not peculiar to welded construction; it exists wherever 


toe] is used. 

with welding I have been greatly im- 
pressed by the possibilities of the dilatometer and S- 
~urves as indicated by published articles. Dr. Hess has 

‘ten emphasized the importance of S-curves, especially 
the constant cooling rate transformation temperatures 

‘erived from them by Grange and Kiefer, as a source of 
aformation for efficient welding. I now read that, 
fhe dilatometer has afforded an excellent means of 
hecking the method of Grange and Kiefer,’’ also that: 

“When a large mass of alloy steel is furnace or air- 

ooled from above its critical range, the entire mass of 
ourse contracts on cooling until it reaches the Ar; criti- 
al point where a spontaneous expansion begins. In 
many instances, especially true with sluggish steels, this 
sudden expansion at a phase change occurs well below 
the plastic range of the steel. If the mass is large, there 
sa temperature gradient from the surface to the core in 
which case, upon cooling through the transformation, the 
metal near the center is still contracting while the metal 
it and near the surface begins a spontaneous expansion. 
[hese two opposing forces set up tensile stresses sufficient 
to cause thermal cracking when the steel is below the 
plastic range. Most of the cracks occur midway be- 
tween the skin and the core of the mass. Then, when the 
transformation is completed at the surface, dilation stops 
and contraction again sets in just as the center begins its 
phase change and expansion starts. This causes com- 
pressive stresses. Now using the dilatometer as a guide 
it is possible to develop a heat treatment for any steel 
where at a temperature, higher by 150 to 200° C. than 
the normal beginning of the Ac; point and well within the 
plastic range, it becomes practical to delay the cooling, 
thus causing all or part of the transformation to take 
place. The amount of expansion or transformation al- 
lowed at this higher temperature is a function of the de- 
sired physical properties. The time at temperature 
varies directly with the amount of dilation, and these two 
vary indirectly with the resulting hardness and tensile 
strength of the alloy steel.”’ 

All of this is in a field which I lack ability to enter, but 
upon which I can gaze longingly and speculatively 
from afar. Certainly it offers promise of helping greatly 
to establish proper welding procedures. 

And, while wound up, may I broach the old subject 
of peening, about which there are ridiculously wide opin- 
ions by presumably competent and informed men. The 
A.P.I.-A.S.M.E. Code now authorizes for field assembled 
vessels the relieving of locked-up stresses by peening. I 
think that an effort should be made to get an enthusiastic 
and able professor to work on an exhaustive investiga- 
tion of peening. As evidence of the need for study of 
this subject, I submit these quotations from recent ar- 
ticles: 

“Vibration with an air hammer during welding has 
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been used to some extent to relieve shrinkage stresses. 
It is evident that such a method would have to be con- 
trolled carefully to avoid excess movement of parts that 
might cause rupture while the weld metal is hot. Vibra- 
tion or peening immediately after welding while the 
weld is still hot and plastic, and immediately after the 
removal of this slag, is perhaps favored most. Cold 
peening is no doubt actually used more than hot peening. 
It is well conceded that the root pass of a butt weld 
should not be peened for fear of rupturing the compara- 
tively thin layer of metal. Some specifications prohibit 
peening of the last layer. The peening of this layer is 
usually not very effective in relieving shrinkage stress, 
anyway. Peening while the weld zone is cooling through 
the blue brittle range would seem to be dangerous. 
There is no doubt that any peening operations call for 
careful control and supervision. Conditions arise now 
and then where the use of peening seems indispensable.” 

“Effective peening is done below the red-hot tempera- 
ture. Peening done above a temperature at which the 
weld metal begins to take on strength is wasted.”’ 

“Another method that has been employed with suc- 
cess is to peen the plate after welding is finished in the 
region in which the stresses are high. Such peening 
causes plastic flow and hence the relief of the restraint 
which causes the residual stress. Only a small amount 
of actual flow is necessary to accomplish the desired 
results. Overpeening cold works, and therefore strain 
hardens, the material; and such a result would be highly 
undesirable. Furthermore, overpeening may result in 
cracks, defects or in introducing new residual stresses, 
thus defeating the intended objective. Peening is dif 
ficult to control, but when properly done is an effective 
method. Hand peening does not have proper control 
and therefore would not generally be satisfactory.”’ 

“Occasionally welds are peened. If the weld is peened 
at a white heat the steel will be so soft*that the hammer 
will sink deep into the weld and the grain size will not be 
changed greatly. If peening is done at a dull heat 
(slightly above the transition temperature) the grain 
size will be refined greatly. Below a dull red heat, 
peening cold works the metal and, while increasing its 
strength, impairs the ductility. Cold work distorts 
the grains and makes the weld subject to cracking. 
Peening will be most effective if the weld is at a dull red 
heat. However, after the welder has completed a section 
of a weld, the weld is hot at the end but relatively cold 
at the starting point. If peening is to be done by the 
operator, he will probably cold work the start of the 
weld and hot work the hot end of the weld at too high a 
temperature to secure maximum grain refinement. If 
he can reheat the weld to the proper temperature or if a 
helper follows him at the proper distance with a hammer, 
peening can be done at the correct temperature, if at con- 
siderable expense.” 

‘“‘Peening may be used for other purposes than to re- 
fine the grain size. Peening spreads the weld, and, if 
correctly applied, will counterbalance the normal contrac- 
tion due to welding. Peening thus controls distortion, 
that is, the change in dimension of the part due to weld- 
ing.” 

Apparently not all is known about peening 
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The Determination of the Effect of 
Various Types of Weld Metals on the 
Internal Damping Characteristics of 
Steel Specimens 


By O. H. Henry,‘ R. R. Feitl? and J. A. Falcon! 


ECHANICAL vibrations are an ever-present 

source of trouble, particularly in this day 

with the advent of high-powered, high-speed 
engines and precision machinery. Vibrations may be 
the cause of premature failure of parts; they may inter- 
fere with adjustments of precision machinery; or they 
may even produce human discomfort as experienced in 
some of our largest ocean liners where the propeller im- 
pulses are transmitted to all parts of the ship. 

In cognizance of this, research is being carried on 
continuously in an effort to find new methods of vibra- 
tion prevention. 

Fundamentally, vibrations produced in a body are the 
result of energy imparted to the body. Where the origi- 
nal source of the disturbing energy cannot be eliminated, 
any method of prevention of vibrations must involve the 
absorption or dissipation of this energy in whole or in 
part. In general, prevention methods fall under two 
headings: ‘Cushioning’ and ‘‘Damping.”’ 

“Cushioning’’ means the absorption and storing of vi- 
brational energy. Devices such as shock absorbers, 
springs, heavy foundations, rubber blocks, etc., absorb 
and store all or part of the vibrational energy of a body by 
tending to resist its motion. Thus, they reduce or pre- 
vent the vibrations and their transmission. 

“Damping” on the other hand implies energy dissipa- 
tion in the form of heat as the result of friction. That is, 
friction tends to resist the motion of a vibrating body. 
The friction may be applied externally or internally 
and may be of any kind whatsoever, such as air friction, 
coulomb friction (the rubbing together of two surfaces) 
or the internal friction caused by the rubbing together 
of the molecules of a material. Thus, all or part of the 
vibrational energy is dissipated, and again the physical 
vibrations are prevented or diminished. 

It is this last kind of vibration prevention method that 
we are interested in: “Damping” caused by internal 
molecular friction. It has been found that every material 
has an internal damping constant of its own, an ability 
or capacity to dissipate vibrational energy. It is an in- 
herent characteristic peculiar to the material itself, 
and the higher this constant the greater its damping ca- 
pacity. Much work has been carried on in determining 
damping capacities for many materials, but apparently 
no one has ever undertaken to determine whether or not 
the phenomenon of damping is exhibited also at the 


* Abstracted from theses submitted by Messrs. R. R. Feit] and J. A. Falcon 
to Polytechnic Institute of Brooklyn 

+ Associate Professor of Mechanical Engineering, Brooklyn Polytechnic In- 
stitute 

t Former students, Brooklyn Polytechnic Institute. 


266-s - 


junction or interface of two welded metals. This seems 
highly possible, and one of the authors suggests that th 
damping constant of a steel specimen might be increase 
by placing a weld of foreign metal in the specime 
The subject of this paper, then, is “The Determinatio; 
of the Effect of Various Types of Weld Metals on th 
Internal Damping Characteristics of Steel Specimens 


General Theory of Damping 


It has been found that when a specimen is carrie/ 
through a cycle of loading and unloading within tly 
range normally known as the elastic limit, the load 
deformation curve (stress-strain curve) for loading \ 
not coincident with that for unloading, nor is either oj 
them a straight line as Hooke’s Law postulates. In fact 
a loop is formed similar to the well-known magnet) 
hysteresis loop when a completely reversed cycle is car 
ried through. 

Contrary to Hooke’s Law, when a material is deformed 
(from some original position as a datum), the action is not 
purely elastic; rather, a certain amount of plastic sly 
or shear takes place during a load application, and th 
specimen is not returned to its original position upon 
removal of the load. In fact, the greater the plasticity 
(more plastic slip) of the material, the further its depar 
ture from the straight line of Hooke’s Law; and con 
versely, the greater its elasticity, the nearer its approach 
to Hooke’s Law. Asa result, not all of the energy sup 
plied to the specimen during loading is recovered upor 
release, but part of it is dissipated as frictional heat bx 
tween the molecules as a result of the plastic slip or 
shear. 

Since the area under a stress-strain curve represetts 
energy per unit volume, the area within the closed hys 
teresis loop during a completely reversed cycle of load 
ing and unloading represents the energy lost per unit 
volume of material during one complete cycle. {lus 
by definition, is known as the absolute damping capaci!) 
Thus, damping capacity would seem to increase with 
greater plasticity and decrease with greater elasticity 
Indeed, tests have proved this to be usually true, though 
there are some notable exceptions. Since the area of the 
loop depends upon the maximum deformation or shear 
stress applied, the damping capacity must always be 
referred to one or the other. Hence, it is a constant lor 
the material in question at a certain shear stress or (clor 
mation. Unless mentioned otherwise, we will agree t 
refer the damping capacity hereinafter to stress rather 
than to deformation. 
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Fig. 1—Portion of a Damped Vibration 


Damping capacity is a property of a material and does 
ot depend upon the form of the specimen. It is little af- 
fected by either localized segregation of impurities, blow- 
holes or mechanical defects; for, unlike ultimate stresses 
{ a specimen, for example, which depend upon the 
weakest cross section, total damping capacity is made 
up of a definite amount of damping contributed by every 

lement in the specimen. 

The question naturally arises at this point why Hooke’s 
Law is still accepted when, apparently, it is not valid. 
But the width of a hysteresis loop for highly elastic 
materials (such as steel) is less than one millionth of an 
inch per inch, and the accuracy of ordinary strain meters 
is not sufficient to detect such small differences. Hence, 
even though the theory of internal damping depends 
upon the invalidity of Hooke’s Law, the law is sufficiently 
accurate for all practical purposes where materials of high 
elasticity are concerned. For materials of high plasti- 
city (such as soft copper) a small amount of error results 
when using Hooke’s Law and consideration should be 
given to this fact when a high degree of accuracy is de- 
sired. 

In comparing the damping capacities of different mate- 
rials, the absolute damping capacity cannot be used. 
lake the case of two different materials, for instance, 
which show equal absolute damping capacities at the 
same maximum shear stress. If material A takes in 
more energy per unit volume than B to bring it up to the 
desired stress, the percentage of energy lost (absolute 
damping capacity) in A is smaller than that lost in B. 
The damping qualities of A, then, are relatively poorer 
than those of B, even though the absolute damping 
capacities are equal. Hence, a “‘relative’’ of “‘specific”’ 
damping capacity must be used in comparing different 
materials. From the above description specific damping 
capacity is the ratio of energy lost per unit volume in a 
specimen during a completely reversed shear stress cycle 
to that taken in per unit volume during loading up to the 
maximum stress; or in other words, it is the ratio of the 
entire hysteresis loop area to the area under a shear stress- 
strain curve of loading in one direction up to the maxi- 
mum stress considered. The specific damping capacity 
is usually expressed in per cent by multiplying this ratio 
by one hundred. 

In the case of highly elastic materials, since the energy 
area under the shear stress-strain curve is determined 
virtually by the slope of Hooke’s 
Line, which in turn literally deter- 


the areas of hysteresis loops obtained from a series of 
tension and compression or torsion tests. But precision 
strain meters must be used, and these are not readily 
available in the average laboratory. Further, the 
method is long and tedious and requires extreme ac- 
curacy. So other means of measuring damping capacity 
must be used. Many methods make use of machines or 
apparatus not originally intended to measure damping 
capacity. While they give fair results, they are more or 
less open to other objections. One method known as the 
‘Free Vibration Method”’ makes use of an apparatus de- 
signed solely for investigations of damping qualities. 
However, it is based upon Hooke’s Law and should not be 
used for highly plastic materials; but investigators have 
found that good results are obtained with elastic mate- 
rials. Apart from this drawback, the method is supe- 
rior to other methods, and offers the distinct advantage of 
yielding the specific damping capacity of a material 
from zero to any maximum shear stress in one test 
requiring less than 20 min. 


Free Vibration Method 


In this method a round rod specimen is firmly clamped 
at one end while the other end remains free. The rod 
performs free torsional vibrations which are damped only 
by the internal friction of the specimen. The specimen 
acts as a spring of an elastic oscillating system, which 
vibrates in its own natural frequency without external 
impulses. A definite initial displacement of the mass is 
applied at the free end of the specimen in order to give it 
the desired degree of shear stress. The system then oscil- 
lates due to its own internal forces, and the amplitude of 
vibration gradually decreases as the energy of the sys- 
tem is being dissipated. The free end of the rod carries 
a bar at right angles to its axis, and &n inked stylus is 
attached to the end of the bar. As the bar oscillates 
with the torsional vibration of the specimen, the stylus 
traces a decaying vibration curve on a clock-driven rib- 
bon of paper, and this curve is then used to calculate the 
specific damping capacity. 

Consider a portion of a decaying vibrational curve, 
asin Fig. 1. The total energy (W + £) within the speci- 
men at any instant on the curve, such as A, consists of 
both potential energy W and kinetic energy /. If there 
were no damping (loss of energy), every point on the 
curve would have the same total energy (nor would the 
amplitude decrease). With damping, however, every 
point beyond A has a total energy less than A by an 
amount equal to the damping. Hence, if we take an- 
other point B one cycle later, the difference in the total 
energies between A and B gives the total damping per 
cycle for the entire specimen. Dividing this by the 
volume V of the specimen gives us by definition the 
absolute damping capacity 6 referred to point A. Ex- 
pressed mathematically : 


mines the shear modulus of elastic- ~ > 
ity, it follows that absolute damping 
capacities of different elastic materials 
cannot be compared because of the 
difference in their shear moduli. It 


follows further, however, that in cases 


where different elastic materials have 
the same shear moduli, the absolute 


damping capacities may be compared 
directly. 

The damping capacity of a given 
material for various stresses can best 


be determined by plotting accurately to be used. 
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Fig. 2—Specimens Used 


In order to bring the ends up to | in. to fit the grips of the vibration machine shims had 
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If, rather, we choose the points A and B at two rever- 
sals of the vibration one cycle apart as at C and D where 
the velocities of the oscillations are zero, the kinetic ener- 
gies E drop out and the total energies are all potential; 
or the above expression becomes: 

W, 

V 


If, now, we divide each side by W,/ V, the total energy 
per unit volume at the beginning of the cycle, we get by 
definition the specific damping capacity y at point C, or 


W> 
Vo W. 
(Note that (W, — W,) is the energy lost during the cycle 
from C to D.) 

In order to evaluate ¥,, we must know the energies W, 
and W>, but these can only be determined accurately by 
finding the area under the actual stress-strain curve for 
the specimen. However, as previously pointed out, if 
Hooke’s Law is used as the stress-strain curve for elastic 
materials (such as we are using in this thesis), fairly good 
results are still obtained. Under the premise, therefore, 
that stress is directly proportional to strain, we can show 
that the energies at C and PD are proportional to the 
square of the amplitudes of these points. The above 
equation then becomes: 


bape 


6, = 


Wp 


ky,? 
where y, is the amplitude of point C and (y, Aye) the 
amplitude of D. Expanding, collecting terms and drop- 
ping higher orders of Ay, as negligible, we obtain: 


2 Aye 
vo = 


Ye 
Or, in general, the specific damping capacity at any peak 
point on a curve is: 


Aye)* 


_ AW _ 


where AW is the loss in energy per specimen during any 


cycle whose initial reversal point has a total energy (per 


specimen) of W, an amplitude of y, a decrease of ampli- 


= 


tude Ay and a specific damping capacity of y, It 
shown under “Theory of Damping” that imping 
pacity must always be referred to a stress. Sino, 
sional or shear stress varies from zero at the center 
maximum at the surface over any cross-sectional are, 
specimen, and since the damping of each e} ment 
the cross section depends on the stress at that ele meal 
the specific damping capacities found from this mes), 
are average values over the whole cross section 
should be compared with the average shear on a 
whole cross section. ’ 

Now, in order to find the specific damping capaci, 
any amplitude (or its corresponding average torsjo, 
stress), we need only to measure accurately the 
Ay and y from the test curves and substitute the se 
above equation. This process gives us a di aenpine ry nad 
for each stress. A damping capacity-stress curve js the: 
drawn for each specimen in order to obtain a complet 
picture of the damping variation for all stresses of a spe; 
men. 


al 


Properties of Specimens Used 


It was previously suggested that the change in dam, 
ing dissipation in a steel specimen containing a weld yj 
foreign metal over one containing no weld might be dy 
not only to the difference between the damping of the we! 
volume and the corresponding steel volume it displao 
but it might be due also to an increase or decrease of dis 
sipation at the weld metal-steel metal (called base met 
hereafter) junction. This junction dissipation in ay 
specimen may be determined by accounting for that por 
tion of the change due to the weld volume. The balano 
of the change must be due to the junction damping. 

Four weld metals were arbitrarily chosen: _ nickel 
monel, bronze, and an alloy steel. Heavy steel plates 
were joined with these metals. Square bars were the: 
cut lengthwise (across the welds) from the plates and 
turned into round rod specimens (see Fig. 2). One bar 
was cut and turned from an unwelded plate to make a 
unwelded base metal specimen (of the same physical s 
as the welded specimens). 

The base metal used was a mild carbon, hot-rolled 
steel plate of 60,000-psi. ultimate tensile strength. Al 
welds were simple V-groove with a 60° included angi 
The nickel weld was made of deposits of nickel electrodes 
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Fig. 3—Damping Stress Curves 


JUNE 


the m« 
if nicl 
electr 


De 
verti 
heav 

cros 
its le 
tro-f 
tion 
that 
he 
gize 
low 
fre mn 
stre 
bro! 
iS Pp 
cros 
driv 
the 
thu 

Th 

ove 

the 
da 


= 
\ 
— 
| 2 
= 
’ 1000 149 3000 3500 4000 4500 
268-s 


lamping 


Sing +t 


center tp. 
il of 


“ment 


at Clemen; 


meth 


Ction. 


r OVer 


“AD AaCity 


C torsion; 
the valye 
lese In th 
Ping 
is the 
complet 


d Spec 


In 
a Weld 
ht be dy 
f the welg 
displaces 
ASE OF djs 
meta] 
In am 
that por 
balance 
ng. 
nickel 
e] plates 
ere ther 
ates 
One bar 
make ar 
sical S17¢ 


it-rolled 
th. Al 
d angk 


ctr 


JUNE 


It», 


“a, 
| | 


] 

Fig. 4—Single V Joints 
— 


Fig. 5—Double U Joints 


the monel weld, of monel electrodes; the alloy steel weld, 
f nickel-steel electrodes; and the bronze weld, of bronze 


electrodes. 


Conducting the Tests 


Described briefly, a specimen is firmly clamped in a 
vertical position at its lower end by a block attached to a 
heavy steel foundation plate. A massive horizontal bar 
crosshead) is then clamped rigidly at the mid-point of 
its length to the upper end of the specimen. Two elec- 
tro-magnets, built up from and attached to the founda- 
tion plate, are located near the ends of the crosshead, so 
that, when the crosshead is given a twist by hand in a 
horizontal plane, it is attracted to and held by the ener- 
gized magnet poles. The magnets are adjustable to al- 
low the bar to be displaced to any predetermined angle 
from a position of rest in order to produce the desired 
stress in the specimen. When the magnet coil circuit is 
broken, a free oscillation of the specimen and crosshead 
is produced, and an inked pen attached to one end of the 
crosshead records a decaying vibration curve on a motor- 
driven ribbon of paper. The pen is so constructed that 
the pressure on the paper can be regulated by means of a 
thumb screw to give an almost frictionless recording. 
The ribbon of paper is unwound from a roll and drawn 
over a table top by 2 motor-driven rollers between which 
the paper passes. This mechanism stands on the foun- 
dation plate. 

In conducting a test, a specimen was clamped firmly 
in place, and the recording pen and paper-driving-mecha- 
nism were adjusted. The motor of the mechanism was 
connected through a switch to a 115-v. d.-c. supply, and 
the magnet coils were connected in series with another 
switch and a resistance bank in order to reduce the 115-v. 
d.-c. supply to 75 v. The gap was gradually reduced un- 
til no reaction to the sudden crosshead release was pro- 
duced. 

When all adjustments were made, the magnets were 
energized by closing the switch, the crosshead was care- 
fully displaced by hand, the paper-driving motor was 
started and the switch in the magnet circuit was opened. 
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The motor was stopped when the vibrations had almost 
disappeared. The inked curve was removed, the ap- 
paratus reset and the test repeated. Five curves were 
obtained of each specimen. The entire procedure was 
then repeated at another time. Thus, 5 curves of each 
specimen were collected in each of 2 tests for 
analysis and amplitude measurements. 

A preliminary, but accurate, measurement of the 
amplitudes disclosed the fact that the 5 curves in each 
of their respective sets for any one specimen were identi- 
cal. Hence, the clearest and most perfect curve of each 
set for each specimen was chosen, and measurements and 
computations of damping capacity were then made for 
each curve. 


sets of 


Analysis of Results 


An inspection of the final damping curves of Fig. 3 
shows that all curves follow the general shape of the base- 
metal curve, but are located slightly above or below it. 
To determine how much of this displacement is due to the 
damping at the weld-base junction, we must first ascer- 
tain how much of the displacement is the result of the 
internal damping of the weld metal volume. This can be 
done by certain calculations and it was found that little 
if any interface damping is present. 

In view of the fact that the inherent damping capaci- 
ties of the comparatively small weld volumes have a 
considerable influence on the damping curves, it would 
seem that, if additional damping were present in the weld- 
base junction (even in a small amount), it would reveal 
itself in the curves through greater displacements. Cer- 
tainly, any small amount of interface damping that 
might be present would be of no practical importance. 

Therefore, from the result of this report it seems logical 
to conclude that welds, with the scatf angle and weld 
metals here used, have little effect on the damping char- 
acteristics of steel specimens. 


Types of Joints 


It was decided to extend the investigation to include 
other types of joints. One a single-V, 60° joint, and 


the other, a double-U joint. The single-V, 60° joint 
was used on 3 specimens, as shown in Fig. 4. The 
double-U joint was used on one specimen, Fig. 5. First, 


brazed joints were prepared, and finally a combination 
of a bronze weld and an uncoated steel weld was em- 
ployed on the various specimens. 

From the results obtained it may also be concluded 
that relative to the base metal: 


1. 60° single-V, two brazed joints, exhibited the best 
damping qualities. 
2. Double-U, two brazed joints, exhibited the poor- 
est damping qualities. 
Thus, we may conclude that not only does the weld 
material affect damping but also the type of joint has 
its effect on damping characteristics. 
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Tensile Tests of Arc-Welded Nickel and 


Monel Metal at Low Temperatures 


low temperatures. 


By O. H. Henry’ and J. Martinez 


HE investigation described in this paper is a 
continuation of a study begun at the Polytechnic 
Institute of Brooklyn on the behavior of welds at 
The apparatus used for performing 


the tests has been described in detail in an earlier publi- 


cation. 


The 


temperature range of from 20° C. to —80° C. 


+ 
+ 


Temperature Measurement 


specimens were tested at 20° intervals over a 
The cool- 


ing medium consisted of dry ice and alcohol. 


The 


per-Constantan thermocouples; 


temperature was measured by means of two Cop- 
one of them gave the 


temperature of the specimen, and the other that of the 


liquid 


bath. 


A Student type potentiometer was used 


to measure the potential across the thermocouple leads. 
Tests were made only when the two thermocouples gave 
readings that were substantially alike. 


Materials Tested 


Sertes 1 


(a) 


Nickel base metal (99.4 Ni, 0.1 Cu, 0.2 Mn, 


0.15 Fe, 0.05 Si, 0.1 C). 


(b) 


Nickel welds. 


Tensile © Elongation ‘% Reduction 


Temp., °C. Strength, Psi. in 2 In. in Area 
+20 76,500; 76,400 46.0; 47.5 49.5; 49.5 
0 76,400; 76,100 46.0; 47.5 50.0; 49.5 
—20 76,500; 77,500 46.5; 47.5 49.5; 50.0 
78,100; 76,900 48.0: 50.0 50.0: 48.0 
—60 78,250; 77,500 48.5:49.5 49.0: 49.0 
—80 79,750; 79,650 50.0; 49.0 48.5: 49.0 


Temp., 


20 
0 
— 20 
— 40 
— 60 
— 80 


Table 2—Properties of Nickel Welds 


Tensile Strength, % Elongation ‘°;, Reduction 


Psi. in 2 In. in Area 
39,000; 36,200; 47,000 7.0; 5.0;12.0 17.5; 14.0; 23.2 
52,100; 51,550 ;49,850 16.0; 12.5; 11.0 23.0; 14.5; 23.2 
53,000; 41,500 16.0; 15.5 23.1: 23.1 
54,300; 42,500; 55,500 16.0; 6.0; 10.0 19.5;17.5; 4.0 
41,600; 55,500; 20,500 6.0; 16.0; 2.5 13.5; 23.0; 9.0 
35,000; 56,150 5.0; 5.5 12.0; 11.5 


* Abstract of B.M.E. thesis in the Department of Mechanical Engineering 


Polytechnic Institute of Brooklyn, by J 
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siate Professor of Metallurgical Engineering, Polytechnic Institute of 
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Fig. 1—Details of Welded Tensile Specimen 


Series 2 

(a) Monel base metal (67 Ni, 30 Cu, 1.4 Fe, 
0.1 Si, 0.15 C). 

(b) Monel metal welds. 


The nickel specimens were prepared by welding tw 


soft annealed, hot-rolled pieces of nickel flat 


using a U-groove and a shielded arc nickel electrode rod 
Both the plate and the electrodes were pure nickel. 
A similar procedure was followed in the preparation oj 
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Table 3—Properties of Monel Base Metal 


Ten Tensile Strength, % Elongation % Reduction 


( Psi. in 2 In. in Area 
85,350; 85,150 §2.5; 57.5 61.7; 61.8 
86,800; 86,300 55.0; 52.5 61.7; 61.6 
9 88,350; 88,550 53.5; 53.0 61.8; 61.7 
‘¥ 90,250; 89,800 53.0; 50.0 61.7; 62.7 
92,650; 90,650 50.0; 45.0 62.7; 61.8 
Z 92,200; 93,000 47.5; 47.5 60.8; 62.6 


‘he welded Monel specimens. The hot-rolled Monel 
slate was machined with a U-groove and the weld metal 
vas deposited with covered Monel metal electrodes 
130 X 

In both cases the weld metal was deposited in thin 
vvers to in.). The plates were not stress re- 
ieved prior to sectioning and machining. 


Results of Tests 


The experimental results and calculated data ob- 
tained from the tensile tests of the nickel base metal and 
the nickel welds are given in Tables 1 and 2, respectively. 
lhe corresponding results for the Monel metal series are 
summarized in Tables 3 and 4. The results for Series | 
nickel) are plotted in Fig. 2 and those for Series 2 
Monel metal) in Fig. 3. 


Table 4—Properties of Monel Welds 


Tensile Strength, “> Elongation “> Reduction 


¢ Psi. in 2 In. in Area 
20 +61,700; 56,200; 46,000 22.5; 17.5; 15.0 27.0; 24.5; 24.0 
0 70,000; 52,250 17.0; 16.0 37.0: 34.0 


—20 65,100; 71,750; 58,650 16.0; 22.5; 16.0 31.5; 31.5; 20.5 
61,500; 60,000; 75,650 10.0; 9.0; 20.0 24.5; 30.5; 36.5 
74,000; 73,900; 77,450 12.5; 14.0; 15.0 33.5; 37.0; 37.0 


77,700; 55,000 12.5: 7.5 


Discussion of Results 


Series ] 


(a) The nickel base metal showed an increase in the 
ultimate tensile stress as the temperature was lowered. 
The increase in tensile stress was in a steadily ascending 
straight line from +20° C. to —80° C. (Fig. 2). How- 
ever, this line was not as steep as that for the Monel 
metal series ((a), Series 2). The per cent elongation 
(in 2 in.) and the per cent reduction in area remained 
fairly constant over the entire temperature range. 

(0) In the nickel welds series it was necessary to draw 
two curves because some of the specimens were very 
poorly welded. The upper curve ascended gradually 
from +20° C. to —20° C. The inconsistency of 
the lower curve was due to the fact that its ordinates 
were the values obtained for the faulty welds. The 
per cent elongation (in 2? in.) and the per cent reduction 
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in area descended in broken line curvés (Fig. 2) as the 
temperature was lowered from —20° C. to —SO° C. 
Series 2? 
(a) This series consists of the Monel base metal. 


The increase in tensile stress was in a steadily ascending 
straight line from +20° C. to —80° C. (Fig. 3). For this 
series it was found that as the temperature was lowered 
from +20° C. to —80° C., there was a decrease in elonga- 
tion; this curve descended in a straight line. The per 
cent reduction in area was fairly constant over this tem- 
perature range (61.8°), average value 

(6) For this series it was again necessary to draw two 
curves because some of the welded specimens were faulty. 
The curve for the better specimens showed an almost 
straight line increase in the ultimate tensile stress from 
+20° C. to —80° C. The lower curve was more ir- 
regular and showed an increase in ultimate tensile stress 
from +20° C. to —60° C.; it then dropped sharply 
to —80° C. This drop was due to the fact that the 
particular weld tested was very poor. The curve repre- 
senting the per cent elongation (Fig. 5) descended in an 
irregular, broken line as the temperature was lowered. 
A similar curve was obtained for the per cent reduction in 
area. 
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Research 


By W. Spraragen* 


5S A result of a few recent failures of important 
welded structures, the entire welding industry 
has become research minded overnight. Even 
the most practical engineer is advocating some important 
piece of research to settle some question in his own 
mind. Unfortunately those who are not initiated and 
experienced in research methods usually desire some 
large-scale test which in their opinions simulates some 
service condition. It is the intent of this brief article 
to set forth some of the basic principles which guide 
the research scientist in his work. In general terms 
these basic principles apply to any scientific research 
and cannot be violated with impunity. 

First of all there is nothing mysterious about research. 
One scientist has stated that ‘it is an ordered thinking 
by intellectually honest people on problems in which 
they are interested and to which they bring proven 
facts of previous experience or research.” 

It does not require a great deal of thinking to lay 
out a simple or elaborate program of testing but engineers 
and executives must realize that to obtain data capable 
of definite interpretation one has to perform experiments 
based on a well-considered plan worked out from the 
tested experience of the past, otherwise we would have 
to draw conclusions from complex experiments in terms 
of only a part of the factors of the problem. 

To obtain a result that means anything requires in most 
cases that one must so control his investigation that but 
a single factor is varied at a time. If there are two 
variable factors, two essentially independent con- 
trolled experiments are required, since it is difficult 
to interpret results as between the two factors except 
by statistical methods from a large number of repeated 
tests. If there are three or more variables, it is practi- 
cally impossible to draw definite conclusions except 
through independent control experiments. 

Having decided what he wants to do, and having made 
an assumption as to the correct method of doing it, 
the research worker must try out his idea on what is 


* Executive Secretary, Welding Research Council. 


EDITORIAL NOTE 


Literature, but we are indebted to the Welding Research Council of the British Institute of Welding for 


the following abstracts. 


EXPERIMENTS WITH WELDED RAILs. 
schrift, 1939, Dec. 2, pp. 1250-1253. 
Experiments are described to determine the ultimate 

strength under repeated bending stresses of both gas 

and flash-butt welded rail joints, and also of new and 
second-hand whole rails, of similar types. Rails from 
various sources were supported on bearings 100 cm. 
apart and repeatedly loaded at the rate of 250 repetitions 
per minute up to 2 millions, the range of the stress 
variation in the outermost fibers being increased by in- 
crements of 0.5 kg. per sq. mm. until failure occurred; 
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essentially a laboratory scale. It must ty 
under conditions that, as far as it is human|y POssib 
are precisely controlled to provide only a single yay; 
factor in any given experiment. If at the conclye, 
of that experiment he obtains results which are in | 

with his expectations, he may fairly assume tha; . 

thing he started out to do can be done, at Jeag , 
perimentally. He is then ready to start the , 
part of the experiment, namely, to find out whethe, ; 
can transfer this laboratory process into a large-g.j 
operation. If a thing can be done in a small scale i 
laboratory under controlled conditions, it may be poss; 
to do it on a large scale, but not necessarily. 

In trying it out on a larger scale the results hy ; 
seeking is not a test of fundamental principles which 4, 
has already established but of his ability to contr 
or make them work under ordinary conditions. |) 
doubtedly difficulties will appear which were not jx 
closed in the fundamental tests. This means that 
must make modifications if he is to succeed in ysip 
the fundamental principles commercially. : 

It is not safe to assume that small irregularities 
composition or form or conditions can be neglected with 
impunity. 

One of the first steps in any research program jis 
study the literature on the subject. The 


tried 


lext 


researcher 


saturates himself in his subject. He begins where hi spot 
predecessors left off. Perhaps he may repeat a few lar 1 
the more promising experiments recorded to verify will 
the conclusions reached or to ascertain if some tre tion: 
mendous trifle has been overlooked; for trifles are always 
tremendous, spelling as they sometimes do the differenc 
between failure and success. 

It is well recognized that in many cases it is les 
expensive in the long run to study a problem from t! 
standpoint of the fundamental factors involved rather 
than from the more superficial point of view of th 
special reactions of practice. 

This is so because the more fundamental investigativ 
often saves the expense of much misdirected effor Cin 

misdirected in the sense that it fails to solve the ili 
problem at which it is aimed. of 

In many cases it is possible to outline intelligent! a 
a program of work only by going back to the funda op 
mentals underlying the specific applications in questio: ai 

In preparing this article the author has called up on 
the experience and wisdom of a number of the ablest de 
scientists in this country. re 

lay 
fu 
Sc 
Ww 
The Welding Research Council is unable to obtain current foreign welding 2 
T 
the results are tabulated. Microphotographs show 
alternations of the metallic structure and variations 1 
the Brinell hardness resulting from the welding process f 
near a typical joint. The effect of total, in comparison ( 
with partial, removal of the excess weld metal at a jomt \ 
was investigated. Experiments were also made to <eter- 
mine the value of side plates or wings edge-welded in « 
horizontal position to the flanges of a flat-bottomed rail 


joint for additional strength, and it was concluded ‘hat 
they were unnecessary if the weld were properly cx¢- 
cuted. 
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Research Work in Welding 
at the University of Illinois 

NE of the great Engineering Schools of the in various issues of the JouRNAL and Research Supple 


Country is the University of Illinois at Urbana. 
It would be impossible in a few pages to high 
spot the research facilities of this Institution with particu 
lar reference to welding. At this time therefore, we 
will merely refer to some of the outstanding contribu- 
tions and contributors in the welding field as reported 


ment. There are several other departments not men 
tioned which have become interested in welding but it 
is hoped to give an account of these activities at a later 
date. The particular order in which the departments 
are mentioned has no particular significance 


Department of Civil Engineering 


Tests of Welds 


Che first research work on welds conducted by the 
Civil Engineering Department of the University of 
Illinois consisted of tests to determine the static strength 
of welds connecting carbon-steel plates. All welds 
were made with a manually operated metallic arc, the 
operator being a regular welder employed by a com 
mercial structural fabricator. The object of the tests 
was to determine the static strength of the welds and to 
letermine the physical properties of the deposited metal 
rests were made on both butt welds and fillet-welded 
lap joints. The specimens were welded with electrodes 
turnished by a number of manufacturing companies. 
Some electrodes were coated and others were bare. 
Che results of this investigation were described in Uni 
versity of Illinois, Engineering Experiment Station 
Circular No. 21 published in 1930. With very few 
exceptions the butt-weld specimens broke outside of the 
weld. The tests of the deposited metal showed that 
the coated rods gave a much more ductile weld than the 
uncoated rods, a fact that is now universally recognized. 


Tests of Welded Joints Connecting Structural Members 


| lhe second investigation was made to determine the 
leasibility of welding the steel frames of buildings for 
complete continuity. Both static and fatigue tests 
were included in the investigation. The static tests 
comprised two series: 

|. Tests of joints similar to connections that might 
be used where two steel I-beams are framed into a trans- 
verse girder in such a way as to make the I-beams con- 
tinuous in their action. Tests were made on a number 


of types of joints to determine: (a) the strength of the 
joints to resist both moment and shear, and (}) the rigid 
ity of the connections. 

2. Tests of joints similar to moment-resisting con 
nections that might be used to attach a girder to a 
column. Tests were made on a number of types of con 
nections to determine: (a) the moment-resisting capacity 
of the joint, and (0) the rigidity of the joint, 

The specimens for the fatigue tests, which were 
moment-resisting joints connecting girders to columns, 
such as might be used for the wind bracing of a stee! 
frame building, were subjected to a stress cycle in which 
the moment on the joint was varied from a moment in 
one direction to a moment in the opposite direction 
These connections were quite similar to the moment 
resisting connections tested statically. The object of 
the tests was to determine the number of cycles required 
to break the connection when the stress resulting from 
the moment had certain predetermined values. 

These tests are reported in the JOURNAL OF 
AMERICAN WELDING Soctety, 15 (1), 28 (1936) 


rHE 


The Effect of Residual Longitudinal Stresses Upon the 
Load-Carrying Capacity of Columns 


The Nickel Plate Railroad had a number of viaducts 
with high steel towers which were overloaded due to an 
increase in the weight of the rolling stock. The railroad 
reinforced the columns of these viaducts by attaching 
plates with longitudinal fillet welds. At the request ol 
the railroad the Civil Engineering Department of the 
University made tests to determine the thermal stresses 
set up in these columns due to welding and, finding that 
the thermal stresses were quite large, made additional tests 
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Fatigue Machine forJjTesting Specimens in Fatigue at Loads 


Varying from 200, b. Tension to 2,000,000 Lb. Compression 


to determine the effect of these thermal stresses upon the 
load-carrying capacity of columns. The latter part of 
this work, which consisted of laboratory test, was done in 
the following manner. Six columns 20 ft. long, identical 
with the original viaduct columns, were fabricated by 
riveting. Two of these columns were reinforced by one 
of the methods used in reinforcing the viaducts and two 
others were reinforced by another method used in re- 
inforcing the viaducts. The remaining two specimens 
were used as controls. Strain readings were taken be- 
fore and after welding the reinforcement onto the 
columns to determine the thermal stresses produced 
by welding. These readings showed that residual 
stresses as high as 30,000 psi. existed in the reinforced 
columns before they were subjected to any load. All 
specimens were subjected to a static test and the ulti- 
mate load-carrying capacity of each was determined. 
These tests indicated that, although there were residual 
stresses in the columns of 30,000 psi. before the columns 
were loaded, the addition of the reinforcing plates in- 
creased the load-carrying capacity in direct proportion 
to the increase in the section. That is, the reinforcing 
plates were 100° effective in increasing the load-carry- 
ing capacity of the columns even though residual stresses 
of 30,000 psi. were induced by the welding processes. 
These tests are reported in University of Illinois, 
Engineering Experiment Station Bulletin No. 280. 


Fatigue Tests of Butt Welds in Structural Steel Plates 


Three investigations have been made by the Civil 
Engineering Department at the University of Illinois 
to determine the fatigue strength of butt welds in struc- 
tural steel plates. The specimens for all tests were sub- 
jected to either a pulsating or a reversed axialload. The 
plates were approximately 5 in. wide at mid-length where 
the weld was located. Some were */, in., others were 
7/ in. thick. 

The specimens for the first investigation were subjected 
to a stress which varied from 0 to a tension and the 
fatigue strength was determined for failure at 2,000,000 
cycles. Two kinds of plates were used, carbon struc- 
tural steel and silicon structural steel. Some of the 
carbon plates were welded with an automatic carbon 
arc, the others were hand welded with a shielded-arc 
metallic-are electrode. Some specimens welded with 
the automatic carbon arc were tested in the as-welded 
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condition, others were stress relieved by 
prior to the tests. 

Of the hand-welded specimens, some were tested jy tt 
as-welded condition, others were peened, others wer 
stress relieved by heat treatment and for still oth, 
the weld was planed flush with the base plate oy bot! 
sides. There was one series of purposely poor weld 
made by the hand-welding process. . 

Of the silicon-steel specimens, some were tested in th, 
as-welded condition and others were tested after th 
weld had been planed flush with the base plate on bot! 


heat treatment 


Ut ym} 


some 

Te 
type 
prove 
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sides. The results of the tests of the first investigatj tensio 

are presented in University of Illinois, Engineerin, tee 

Experiment Station Bulletin No. 316. 
A 


The second investigation to determine the fatigy, 
strength of butt welds was made under the supervisic 
of the Fatigue (Structural) Committee, Industral R, 
search Division, Welding Research Council of the Eye 
neering Foundation. It consisted of a very extensiv: 
series of fatigue tests of butt welds in 7/s-in. carbon-ste¢| 
plates welded under the most favorable conditions oj 
intelligence of supervision and of welding operator skill 

All the specimens were hand welded with a shielded-are 
metallic-are electrode. Tests were made on cycles wit! 
three ratios of minimum to maximum stress as follows 
tension to an equal compression; zero to tension: and 
tension to a tension one-half as great. The tests wer 
planned so that one group of tests would give th 
fatigue strength corresponding to failure at 100,00) 
cycles and another series was planned to give the fatigu 
strength corresponding to failure at 2,000,000 cycles 
The specimens used in these tests were supposed to rey 
resent the optimum of what might be expected from a 
first-class fabricating shop experienced in structural 
welding. 

The results of the tests are presented in Universit 
of Illinois, Engineering Experiment Station Bullet 
No. 327. 

The third investigation of the fatigue strength of butt 
welds differed from the second in that the specimens 
contained butt welds of the quality which may be ex 
pected from a first-class fabricator welding under com 
mercial conditions. Six series of specimens were ob 
tained by contract, two series each from two fabricators 
and one series each from two other fabricators. Th 
physical and chemical properties of the plates and posi 
tion of welding were approximately the same for thes 
specimens as they were for the specimens of the second 
investigation. The results obtained from these tests 
were compared with the results obtained from the tests 
of the second investigation, using the latter as basi 
values. In addition to the above, the third series 0! 
tests included specimens that were welded im various 
positions and with various electrodes. It also included 
specimens that were welded in the field and specimens 
that were welded by the automatic carbon are and the 
Unionmelt processes: 

The results are presented in University of [Illinois 
Engineering Experiment Station Bulletin No. 344, which 
will be ready for distribution about July 1, 1943. 
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Fatigue Tests of Fillet and Plug Welds 


Tests were made to determine the fatigue strength 0! 
fillet welds connecting plates and channels. Tests wert 
also made to determine the fatigue strength of plates 
connected with plug welds. Because so little is know! 
of the fatigue strength of joints of this type, the first 
series of tests was planned primarily to determine wha! 
types of fillet-weld and plug-weld joints have the greatest 
fatigue strength. These preliminary tests have bee" 
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completed and will appear as a University of Illinois, 
eygineering Experiment Station Bulletin, probably 
some time about January I, 1944. 

Tests are underway for a systematic study of the 
types of fillet-weld, plug-weld and slot-weld joints which 
proved to have the highest fatigue strength. 


High-Speed Tension Tests of Welded Joints 


Plates containing joints were subjected to high-speed 
tension tests. The specimens were loaded by dropping 
4 steel block weighing 2300 Ib., a distance of 10 ft. and 
lowing it to impinge upon a nut on the lower end of a 


Early Investigation of Welding Processes 


The first systematic study of welding carried on in the 
Department of Theoretical and Applied Mechanics was 
done by Mr. H. L. Whittemore, now Chief of the En- 
gineering Mechanics Section of the National Bureau of 
Standards. His work was a study of the strength of 
oxyacetylene welds in steel and resulted in the publica- 
tion of Bulletin No. 45 of the Engineering Experiment 
Station, published in 1910. The outstanding conclusion 
of Mr. Whittemore’s tests was that the great source of 
weakness in welds is incompleteness of fusion across the 
section of the weld. That conclusion is still a fairly 
sound one. From Mr. Whittemore’s time up to 1937 
: number of miscellaneous amounts of testing in welding 
was done in this department, mainly under the direction 
of Prof. H. F. Moore. 

Strength of cast-iron welds was studied and relative 
strength of forged welds and fusion welds of rods 
was also studied. Some work was done, mainly as 
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Fig. 1—Rolling-Load Machine for Fatigue Tests of Welded Rail 
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steel rod suspended from the lower end of the specimen. 
Comparative tests were made on a 3- x */s-in. plate with- 
out any joint and on a similar plate containing a butt 
weld. All of the specimens containing a butt weld with 
the reinforcement on broke outside the weld. Some of 
the specimens containing a butt weld with the rein 
forcement planed flush with the base plate failed outside 
the weld, others failed in the weld. The elongation in 
8 in. was as great for the welded specimens subjected to 
a drop test as it was for similar specimens subjected to a 
static test, but it was not quite so great for specimens 
with welds as it was for plates without welds. 

The results of these tests will be presented in the 
JOURNAL OF THE AMERICAN WELDING SOCIETY. 


commercial testing, on the fatigue strength of welds and 
a fatigue strength of welds of 90°% or more of the strength 
of the base metal was demonstrated by some of the users 
of mechanically controlled welding processes for steel. 


Investigation of Welded Rails 


In 1937 a systematic study of the strength of con- 
tinuous welded rail was undertaken in the Talbot 
Laboratory in cooperation with the Association of 
American Railroads. Various static and metallographic 
studies were made of welds made by gas fusion, by the 
Thermit process, by the Sperry electric process and by 
the Oxweld gas-heated pressure progess.* The main 
tests under repeated stress caused by the repeated pass- 
age of a short section of rails under a loaded wheel. 

The special rolling-load testing machine used is shown 
in Fig. 1. The welded joint specimen S is pulled back- 
ward and forward under a wheel W’, the load on which 
can be varied from zero to 75,000 Ib. The load is ap 
plied through the lever L by means of a screw jack /, and 
is measured by the compression of the spring ?. The 
maximum bending moment on the weld is equal to the 
load on the wheel times the distance from the vertical 
center line of the weld to the point of contact of the wheel 
when the specimen is in its extreme right-hand position, 
and the minimum moment is zero, when the wheel is 
over the support. A revolution counter is attached to 
the crankshaft of the machine, and an automatic cut-off 
switch is operated by the drop of the lever L when a 
specimen breaks. The stroke of the machine is 12 in 
and its speed is 60 strokes per minute. 

A number of specimens of different types of welded 
joint (not less than three) were tested for each of two 
weights of rail, 112 and 131 Ib. The first specimen of 
each group was tested under a load of 75,000 Ib. If 
the specimen broke before it had withstood 2,000,000 
cycles of load a second specimen was put in under a 
lower load. If this specimen broke, a third specimen 
was put in at a still smaller load and was tested to frac 
ture, or until it had withstood 2,000,000 cycles of load. 
Tests were made of rail welded by an ordinary oxy 
acetylene torch, of welds made by Thermit process, of 
welds made by the Oxweld gas-heated process using 
pressure on the rails joined and by the Sperry electric 
flash-welded joint using pressure. 

The selection of 2,000,000 cycles of stress was based 
on measurements of some half a million strains in rails 


* No arc-welded joints were submitted to the investigation for test 
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Fig. 2—Relative Strength of Rail Joirits as Shown by Static Bend 
Test and Rolling-Load Test 


The list of the equipment in the Department of 
Mining and Metallurgical Engineering, of which Pro- 
fessor H. L. Walker is the head, is as follows: 

1. Melting furnaces, both are and high-frequency 
induction types of 50-lb. capacity. 

2. Furnaces for heat treating at temperatures up to 
3000° F. with various hearth capacities, some of which 
can be supplied with gas atmosphere or vacuum for 
heat treatment without oxidation. 

3. Equipment for grinding, polishing, etching and 
microexamination of metals. 

4. Fully equipped machine shop facilities for prepa- 
ration of test specimens and construction of experi- 
mental apparatus. 

5. Full equipment for tests of tensile, impact and 
fatigue properties. Jigs are also available for standard 
bend tests, for tee bends of '/2-in. thick plate and the 
Haigh notch bend test on '/2-in. thick plate. 

6. Furnaces and equipment are available for making 
the Jominy-bar hardenability test. Hardness testing 
machines include the Rockwell, Brinell and Vickers- 
Brinell. Equipment is also available for time-dilation 
studies in obtaining ‘‘S’’ curves. 

7. Welding equipment consists of a 300-amp. d.-c. 
machine and a 1-kva. spot welder. The department has 
also constructed a table to move specimens under a 
stationary, manually controlled electrode at various 
controlled speeds. A high-speed recorder is available 
for time-temperature studies in the base metal adjacent 
to the weld during welding. The reaction rate of this 
temperature-recorder is 3000° F. per second. 

The department also expects soon to have X-ray dif- 
fraction equipment in the department for the study of 
welding stresses, crystallography and microradiographs. 


W. IT. Bruckner, Research Assistant Professor of 
Metallurgical Engineering. Graduated as Chemical 
Engineer from Columbia University; was Research 
Engineer with Crucible Steel Company at Harrison, 
N. J.; Physical Metallurgist at American Smelting and 
Refining Company at Maurer, N. J., and at the Naval 
Research Laboratory at Anacostia, D. C., before coming 
to Illinois in 1938 as Research Metallurgist. Society 
memberships include A.I.M.E., A.S.M., A.S.N.E. (Na- 
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Some of the Members of the Staff Interested in 
Welding Research 


WELDING RESEARCH SUPPLEMENT 


in service and the frequency (about one in (jj) 
about double the average wheel load. 

The failures produced included failures by an inter). 
fissure in the head of the rail, failures by fissures starti,, 
near the fusion of web and head and failures start, 
from the surface near the corner of the tread of the rail 
Tests were also made of rails with rail joints made with 
the ordinary joint bars. Drop tests and static bending 
tests of welded rail, rail without weld and rails joing, 
by joint bars were also made and in general the results 
of the bend tests and the rolling-load tests are showy j 
Fig. 2. These tests showed that with the Sperry proces 
or the Oxweld pressure process welded rail tested seeme, 
to be about */, as strong as the rail without weld, while thy 
bend tests showed about the same strength as those o; 
rails without welds. The Thermit welded rail teste 
showed about the same strength as joint-bar joints 


of 


Such equipment is now available through Dr. G. | 
Clark in the X-ray division of the Chemistry Depart 
ment but with the advent of their machine a great de 
more work in the metallurgical field can be done tha 
on the already overcrowded facilities in the Chemistr 
Department. 

A research program on welded armor plate has r 
cently been completed in the department which js 
now engaged almost entirely in cooperating with Pr 
fessor W. M. Wilson in his study of fatigue of welded 
joints. A comprehensive program of studies is unde 
way to determine the effects of rolling and _ thermal 
stresses on fatigue. The combined effects of metallu 
gical change and thermal stresses are also being corre 
lated with fatigue behavior. The above research 
correlating metallurgy with fatigue behavior is under th: 
jurisdiction of Committee F's subcommittee on Metallur 
gical Damage of which Dr. A. B. Kinzel is chairman 

There will soon be under way another program of tests 
to correlate fatigue behavior with metallurgical effects 
produced under various conditions of metallic are welding 
which are of interest to Committee F. 

Some of the publications by Dr. W. H. Bruckne: 
in the welding field resulting from the research conducted 
in this laboratory in addition to those of which he ts « 
author with Professor Wilson which are not listed below 
are: Weldability of Steels,” THe WELDIN 
JOURNAL, Jan. 1942; “Weld Quench Gradient Tests 
THe WELDING JOURNAL, Oct. 1942. One contributio: 
has been made to the literature surveys in the paper 
on “The Heat Effect in Welding,”’ THe WELDING Jovr 
NAL, Oct. 1937. Another contribution is in the A.S.T.M 
paper, “The Use of the Charpy Test as a Method 
Evaluating Toughness Adjacent to Welds.” 


val), A.W.S., Electro-Chemical Society, Epsilon Cl 
Sigma Xi. 

G. H. Fett, Associate, Department of Electrical Png 
neering. Born in Chicago, Ill., June 19, 1909. Edu 
cated at Univ. of Ill., B.S. in E.E., with high honors 


1931; Iowa State College, M.S., 1932; Univ. of Ill 
Ph.D. (Engrg.), 1940. Married; two daughters. (rac 
Asst. in E.E., Iowa State College, 1931-32; Researe! 


Engineer, Littelfuse Inc., Chicago, 1933-35; Jr. Eng 
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W. H. Bruckner 


Power 
Commission, 1936; 
Asst., Instr., Asso- 
ciatein E.E., Univ. 


Federal 


of TIil., 
date. 

Co-author of 
textbook, Jntro- 
duction to Circuit 
Analysis, 1939, 
1943. Author of 
papers in the field 
of are discharges 
and welding elec- 
trodes. 

Member, AMER- 
ICAN WELDING 
Socrety,A.I.E.E., 
Am. Physical Soc., 
Sigma Xi, Tau 
Beta Pi, Eta 
Kappa Nu; Past- 
Chairman, Ur- 
bana Section, A.I.- 
E.E. 

W. M. Wilson H. F. Moore, 
; Research Pro- 
lessor of Engineering Materials. Graduated from the 
New Hampshire College of Agriculture and the Mechanic 
Arts (now the University of New Hampshire) in 1898, 
B.S. in Mechanical Engineering. Received from Cornell 
University the degree of Mechanical Engineer in 1899, and 
the degree of Master of Mechanical Engineering in 1903. 
Served as an instructor in Machine Design at Cornell, 
designing engineer for the Riehle Bros. Testing Machine 
Company., Instructor and Assistant Professor of Engi- 
neermg Mechanics in charge of the Materials Testing 
Laboratory at the University of Wisconsin, and in 1907 
came to the staff of the Engineering Experiment Station 
of the University of Illinois. 
_ He has designed a number of testing machines and 
instruments for measuring strain. He has been es- 
pecially active in the study of the fracture of metals 
under repeated stress and has published a number of 


1935 to 


1943 


UNIVERSITY OF ILLINOIS 


H. F. Moore 


articles, bulletins and (with Prof. J. B. Kommers) a book 
on that subject. In connection with his studies in this 
field he has been in charge of an extensive investigation 
of railroad rails and their failures since 1931, and to- 
gether with his associates, Professors H. R. Thomas, 
R. E. Cramer, N. J. Alleman and Mr. S. W. Lyon 
he carried out the investigation of continuous welded rail 
mentioned above. 


Wilbur M. Wilson, Research Professor of Structural 
Engrg., 118 Arthur Newell Talbot Lab., Univ. of IIL, 
Urbana, Ill.; res. 807 S. Busey Ave.; Engineering Re- 
search. Born at West Liberty, Iowa, July 6, 1881; 
son of Mathias and Ruth (Mosher) Wilson. Educated 
at lowa State Coll., B.M.E., 1900; Cornell Univ., 
M.M.E., 1904; Iowa State Coll., C.E., 1914. Married 
June 28, 1905, Teresa Stewart; two children, Grace, 
Matt. Instr., Mech. Eng., Iowa State Coll., 1901-03; 
Grad. Fellow, Sibley College, Cornell Univ., 1903-04; 
Asst. Prof. in Mech. Eng., lowa State Coll., 1904-07; 
practiced Eng. (Structural) 1907-13; Asst. Prof. in 
Struc. Eng., Univ. of Ill., 1913-17; Capt. & Major of 
Engrs., U.S.R., U. S. Army, 1917-19; Prot. of 
Struc. Eng., Univ. of IIL, 1919-22; Research Prof. of 
Struc. Eng., Univ. of IIL, 1922 to date. Awarded 
Chanute Medal by Western Soc. of Engrs., 1916, for 
paper entitled ‘““Wind Stresses in the Steel Frames of 
Office Buildings’; awarded James J. R. Croes Medal 
by the Am. Soc. of Civil Engrs., 1936, for paper entitled 
‘Laboratory Tests of Multiple-Span Reinforced Concrete 
Arch Bridges’; awarded Chanute Medal by Western 
Soc. of Engrs., 1937, for paper entitled ‘‘Present 
Status of Structural Welding’; awarded Wason Medal 
by Am. Con. Inst., 1938, for paper entitled “Tests of 
Rigid Frame Bridges.” 


Member, Examining Com. for Registering Structural 
Engrs. (Ill). Author of numerous articles in scientific 
and technical Journals and of bulletins of the Univ. 
of Ill. Eng. Expt. Sta. Mem.: Am. Soc. C. E., A.S.T.M., 
A.R.E.A., A.A.A.S., W.S.E., S.P.E.E., A.W.S., 1.A.B.5.- 
E., I.S.E. and A.C.I. 


Professor Wilson received the honorary degree of 
Dr. of Eng. from Iowa State College in 1942. His 
hobbies are farming, floriculture and cabinetmaking. 
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A Tentative System for 


Preserving Ductility in Weldments 


PREFACE 

HIS report is a product of studies in 

the fundamentals of arc welding 
sponsored by The Engineering Founda 
tion and of investigations of the funda 
mentals of are welding carried on at Lehigh 
University over a period of 12 years 
Acting through the Fundamental Re 
search Division of the Welding Research 
Committee, under the leadership of Pro 
fessor C. A. Adams, the Foundation has 
stimulated and fostered welding research 
of a fundamental nature at several insti 
tutions and has provided a forum of ex- 
perts for the presentation and discussion 
of such papers. In October 1941 the 
financing of the project was taken over 
by the O.S.R.D. upon recommendation of 
N.D.R.C. Dr. A. B. Kinzel was ap 
pointed Project Supervisor at this time 
by N.D.R.C. 

The system here presented was evolved 
in the following manner: In 1935 Portevin 
and Séférian' and Rosenthal? applied 
the fundamental heat flow equations to 
welding conditions. Hodell’ and Bruce! 
developed formulas which allowed the 
welding of oil well casings to be controlled 
so as to avoid embrittlement from immer 
sion in water after welding. In 1941 
Mahla, Shook, Rowland and Doan® pub- 
lished the results of an attempt to extend 
the heat flow equations to the general case 
of are welding, with experimental verifi 
cation. Cooling rate in the weld was to 


By Gilbert E. Doan’ and Robert D. Stout! 


be conne:ted with the variables of plate 
thickness, initial temperature and heat 
input. These studies have been ham 
pered by the difficulty of providing for the 
effects of heat diffusivity and joint design 
in the mathematical analysis 

In 1941 a cooperative program between 
Rensselaer and Lehigh was drawn up 
under the sponsorship of the Fundamental 
Research Division in which actual thermo- 
couple measurements of cooling rate were 
to be continued. With the aid of these 
data, it was hoped that the theoretical 
equations of heat flow could be modified 
to fit the experimental results. These 
equations were then to be tested by means 
of other steels and weld joint geometries 
If the mathematical analysis failed, it was 
felt that useful curves or charts at least 
could be formulated from the experimental 
data. At the suggestion of Dr. A. B 
Kinzel, the program at Lehigh Univer 
sity was modified in order to substitute his 
method of equivalent hardnesses for 
measuring cooling rates in place of direct 
thermocouple measurements. Hardnesses 
(and therefore cooling rates) were to be 
expressed in terms of bar diameters ac 
cording to the method of Grossmann’ It 
soon became clear to those working in Dr. 
Kinzel’s laboratory and to those at Lehigh 
independently, that the positions on a 
Jominy bar expressed cooling rates much 
more conveniently, and bar diameters 
were therefore never used Dr. Kinzel 


also suggested that ductility bi 
criterion for the hardened zone ins 
hardness, and suggested the use of ; 
notched bend specimen to establish + 
ductility-hardness relationship 

The program at Rensselaer adhered , 
the original plan and actual cooling rate: 
have been measured in that branch of the 
program The work at the Naval Re 
search Laboratory under Clarence EF. Jack 
son and frequent conferences between t hese 
cooperating groups, especially of the 
Weldability Committee of the Welding 
Research Council, have played an impor 
tant part in the furtherance of this project 

The authors wish to acknowledge the 
collaboration of Mr. S. S. Tér, B.S, MS. 
research assistant at Lehigh University 
who was engaged full time in the experi 
mental progam. He assisted in develo; 
ing many of the experimental techniques 

The survey of hardness-ductility 
lationships for the list of 22 representativ: 
steels in Part II-B was conducted by Pr 
John H. Frye, Jr., Assistant Professor o/ 
Metallurgy at Lehigh University, wit! 
the assistance of Mr. R. M. Treco 

The Bethlehem Industrial High Schoo! 
contributed machining services in pr 
paring the large number of specimens r 
quired. 

The assistance of the Bethlehem Stee! 
Company and especially of Mr. E. \ 
Bennett in securing the materials needed 
is much appreciated 


Part I—The Problem and the Proposed Solution 


General 


The hardening and embrittlement of the 
heated zone adjacent to an are weld has 
prevented the use of welding on many of 
the low-alloy steels and the higher carbon 
steels. When these steels were welded 
with the same procedure as would be used 
on low carbon steels, cracking frequently 
resulted in the low-alloy steels just out- 
side the weld. It was known that pre 
heating would avoid the cracks, but how 
much preheating should be used? It was 
known that the use of higher currents and 
slower arc travel speeds would also dimin- 
ish the tendency to crack. But who could 
tell the welder exactly what currents and 


* Issued by The War Metallurgy Committee 
of N.D.R.C 
Tt Lehigh University. 


speeds to use without preheating or with 
it? If the atmospheric temperature 
dropped to 0° F., what changes should the 
welder make in his procedure in order to 
avoid cracking? 

Once suitable conditions had been found 
for welding '/2-in. plates of a given steel 
the design might suddenly be changed 
to use plates l-in. thick. When the time- 
tried procedure followed for '/;-in. plates 
was used for the l-in. thick designs, 
cracks resulted because the heated metal 
cooled faster in the thicker plates. If a 
change were made to a new steel composi- 
tion all these variables would have to be 
worked out over again by slow, costly, 
and wasteful cut-and-try methods. Even 
the change from one heat of steel to an- 
other sometimes resulted in cracking at 
the danger line near the weld. To juggle 
all these variables seemed hopeless. The 
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solution adopted was either to disbar 
tirely many of the low-alloy steels t: 
structures requiring welded joints 01 
weld them with elaborate, costly and 
many cases, wasteful precautions. A ! 
tional solution of the problem would « 
able the engineer to use joint designs 
welding procedures which would ins 
for each steel sufficient ductility 
heated zone under the weld for the servi 
intended, but would not lead him to wast: 
ful lengths. 

The present study proposes a sysic! 
method for predicting in advance, 
without resort to a welding test, exaclly 
what welding conditions will preserve 4 
chosen ductility in any steel of the low 
alloy or higher carbon type, of any plate 
thickness and joint design, when welded a! 
any temperature, with any combination 
of current, voltage and arc travel speed, 
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wide range of these variables. If 
_eystem proves valid the design engi- 
or will be enabled to choose a steel for 
designs and specify a welding proce 
re (current, voltage, are speed and pre 
eemperature) on the basis of two tests 
ly, the Jominy test and the ductility 

hed-bar bend) test. These test re 

mav reasonably be requested of the 


ra 


A 


e] manufacturer.” 
(: should be pointed out here that this 
tem has no concern with the weld 
‘al deposited but only with the proper 
f the heated zone adjacent to the 
id. It is assumed also that the base 
‘al is of proper quality as regards 
inations, hot-shortness, strain-aging 
j quiet melting as suggested, for in- 
ance, by Kinzel.’ 


Cooling Rate and Hardness 


rhe increase in hardness and the loss of 

ictility at any point in the heated zone 
Ldiacent to a weld in any given steel may 
he considered as proportional to the cool- 

g rate at that point. Then the entire 
suestion of weldability becomes the ques- 
ion, ‘What rate of cooling from the weld- 
ing temperature will this steel stand with- 
but becoming too brittle for the service 
intended?”” Welds cool fastest in fillet 
joints, between thick plates, with low arc 
current and voltage, high speed of arc 
travel and with low initial temperature 

f the base metal. (The combination of 
plate thickness with joint design is called 

joint geometry” in this treatise.) These 
are the variables involved in welding. 
The initial step of the investigation was 
the determination of the quantitative ef- 
fect of each variable involved on the cool- 

grate at the point of fastest cooling ad- 
acent tothe weld. The experimental data 

1 which the system is based were obtained 

i the following way 

Hundreds of welds were made with dif 
ferent combinations of all the above-men 
tioned variables, using the same heat of 
steel. The test data are given in Part II-A 
Each weld was sectioned and the hardness 
measured at the hardest point under the 

eld. This gave a wide range of hardness 
values; in fact, it gave all possible hard- 
ness values for that steel within the prac 
tical range of welding conditions. 

Then a bar of the same steel was heated 
to 2100° F. for 30 min. This gave it a 
grain size approximately the same as the 
grain size reached in the hardest part of the 
weld zone in this steel. This bar, called 
a Jominy bar, was then end-quenched by 
a water jet. The wet end was cooled very 
rapidly and attained a maximum hardness. 


‘he farther away from the water, the 


.,, Lhe system in its present state still requires 
that the designer must decide what ductility in 
he heated zone, as measured by the bend test, he 
“onsiders necessary. A survey soon to be con 
‘ucted of the welds now in use is expected. how 
ver, to yield ductility values based on past ex 
perience, and these will serve him as a better 
tide Ductility requirements vary according 
‘9 service conditions. For example, the ductility 
required for impact service may well be higher 
op that necessary for static loads The survey 
a pe to reveal the ductility requirements of 
he important type of service. The bend angle 
ardness relationship for a number of standard 
=e y is, however, given in Part II When a 
we of this group has been satisfactorily welded 
pra time, the bend angle accompanying those 

ats May appear to be satisfactory even if other 

are substituted in the same service 
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Amperes 

Vo/ts 28 

Arc travel speed 6 per minute 
Plate temperature 75°F 


Plate thickness /° 


Region of Maximum Hardness 
in Plate 
VAN =A 


Fig. 1 


slower the cooling rate in the bar and the 
lower the hardness. Thus this one bar 
gives an entire range of cooling rates and, 
if a flat is ground on the side of the bar, a 
whole range of the resulting hardnesses 
can be measured from one end of the bar 
to the other. This specimen thus gives 
the entire range of hardnesses which can 
be attained in this steel. If the hardness 
of each of the hundreds of experimental 
welds mentioned above is now matched 
with its corresponding hardness on the 
Jominy bar, then the cooling rate in that 
weld corresponds with the cooling rate 
at that point on the test bar, as shown in 
Fig. 1. Actually, therefore, each combina 
tion of welding conditions corresponds with 
a position on the Jominy test bar. This is 
the essence of the proposed system. Any 
combination of welding conditions (joint 
thickness and design, initial temperature, 
current, voltage, arc travel speed) corre 
sponds to a single Jominy position. Once 
each possible combination of welding con- 
ditions and joint geometry has been re 
duced to a single Jominy position the 
problem is greatly simplified 

For example, a butt weld between 1-in 
thick plates, welded at 75° F. with 175 
amp., 28 v., at 6 in. a minute, corresponds 
to a Jominy position 7/3. of an inch from 
the quenched end. If the plates are only 
'/, in. thick the position is '°/,. If a cur- 
rent of 225 amp. is used for the 1-in. plates 
the Jominy position is °/s2. If the first set 
of welding conditions is changed from 75° 
to 400° F. preheat, the Jominy position at 
which the cooling rate corresponds with 
the weld cooling rate becomes !7/3.. Thus 
every possible combination of welding con 
ditions and joint geometry represents a 
specific cooling rate and every Jominy 
position represents a specific cooling rate. 
The Jominy position at which the cooling 
rate in weld and bar are equal then ‘‘rep- 
resents” those welding conditions. In the 
system proposed here, these relationships 
are to be considered fixed and independent 
of the steel used. Of course, two or more 
combinations of welding conditions may 
give the same resultant cooling rate, the 
same Jominy position. 

If the steel is now changed a new Jominy 
baris run. But the Jominy positions still 
represent the same welding conditions as 
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Welding Conditions in Terms of Jominy Positions 


Chat is, the’ 
sents the cooling rate in a butt weld be 
tween l-in. thick plates at 75° F. with 


before a2 position still repre 


175 amp., 28 v., at 6-in. per minute. Thus 
a relationship between welding condi 


tions, cooling rate and Jominy position is 
established. The hardness at the chosen 
position on the Jominy bar of the new steel 
will be different, as has been said, from the 
hardness of a bar of the first steel at the 
same position 


Hardness-Ductility 


Since ductility, not hardness, is the criti 
cal value for the design engineer to pre 
serve in his welded joint, therefore, for 
the new steel he must first decide upon 
the ductility which he considers necessary 
Suppose he says he must have a ductility 
corresponding to a bend angle of 20° in a 
notch bar bend specimen with a */,-in 
radial notch. The Jominy bar for this 
new steel has a range of hardnesses from 
water quench at one end to air cool at the 
other. The ductility which accompanies 
each hardness can be ascertained by pre 
paring a series of, say, four bend specimens 
of the same steel (dimensions given in 
Part II-B) and quenching each one to a 
different 
hardness range of the Jominy bar is en 
These 


load Is 


hardness so that the entire 
compassed by these four specimens 
until maximum 
reached. The angle of cracking is a meas 
ure of the ductility associated with each 
hardness. The hardness of that bend 


are then bent 


specimen (or interpolated value) which 


has a bend angle of 20° then becomes the 
hardness permissible in the 
rhe Jominy 


ing to this hardness then indicates the 


maximum 
weld position corre pond 
welding conditions which will result in 
sufficient ductility in the heated zone of 


the weld 


Summary 


The proposed system thus supplies, 
through tables and charts, a method for 
determining the welding conditions which 
will preserve any chosen ductility in any 
joint design of a heat of steel for which 
Jominy and 


available 


notch-bar bend tests are 
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Part I]-A—The Experimental Basis of the System 


Plan of Investigation 


The experimental program by which 
the system presented here was developed 
consisted of the following parts: 

1. Accumulation of experimental data 

from a large number of welds. 

2. Analysis of the data and extablish 
ment of a quantitative relation 
ship between cooling rate and 
welding conditions. 

Prediction of hardnesses and ex- 
perimental verification of these 
predictions for new steels. 

4. Construction of charts for conven- 
ient use of the system. 


The program and the results obtained 
from it are described in detail in the pages 
which follow. 


Kinzel's Weld-Quench-Ductility 
Concept 


It is well known that the structure and 
hardness which exist in a steel are di- 
rectly connected with the heating and 
cooling cycle which it has undergone. 
Kinzel’s application of this principle can 
best be given by quoting from his paper: 

“This scheme follows the thought that 
the ductility of the metal adjacent to the 
final weld is a function of the steel used and 
the rate of cooling and that for a given steel 
the rate of cooling may be indirectly meas- 
ured by the resulting hardness. This has 
been well set forth by Grossmann and 
Asimow. Further, this rate of cooling 
may be related to that at the center of a 
drastically quenched bar, the diameter of 
the bar then being another indirect meas- 
ure of the rate of cooling. By combining 
these indirect measures, bar diameter be- 
comes a measure of the rate of cooling and 
is independent of the reference steel. It is 
referred to as the ‘equivalent bar di- 
ameter.’ Applying the thought in re- 
verse, that is, quenching a bar of steel of 
specified diameter ‘equivalent’ to the 
cooling rate of the weld which we expect 
to make, determining the center hardness, 
using that as an index to prepare a bend 
specimen and testing that bend specimen, 
we arrive at a measure of ductility that 
we will have in the weld when using the 
new steel. Thus the need for elaborate 
direct determination of rates of cooling is 
eliminated and a practical specification 
results.” 

A theoretical objection to this scheme 
is the effect of grain size. Kinzel believed 
that this effect could be cancelled out. 
A direct means of correcting for this vari- 
able was developed at Lehigh and is pre- 
sented later. 

As stated above, experimental! difficul- 
ties soon indicated also that bar diameters 
would be inconvenient to use directly. 
Instead the Jominy bar was adopted and 
has proved to be quite satisfactory. An 
important advantage of the Jominy bar 
is that it serves both as a means of evalu- 
ating the cooling cycle existing in the 
weld heat-affected zone and as a means of 
measuring the weld response of new steels, 
i.e., a test for weldability. 
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Experimental Procedure 


The experimental phase of the program 
was made up of two parts: the first in- 
cluded the making of welds and the meas 
urement of maximum hardness in the weld- 
zone of each; the second involved the 
running of Jominy hardenability tests. 
They are discussed separately under their 
respective headings. 


The Weld Tests 


The automatic arc-welding head used 
was a General Electric type, designed for 
bare electrode coils. This head was 
mounted on the moving carriage of a 
lathe in order to furnish a considerable 
range of welding speeds. Welding was 
performed with direct current supplied by 
a 300-amp. welding generator. The elec- 
trical circuit of the welding equipment is 
shown in Fig. 2. 

Most of the welds were made with 
Murex “F” electrode of '/s-, */is- and 
1/,-in. diameters. Some parallel tests 
were run using '/-in. Fleetweld No. 8. 
Straight polarity was used throughout. 

The steels selected for the program were 
SAE 1035 and NE 8620 in 1/,, 1/2, 1 and 
11/,-in. thicknesses. Results were avail 
able from previous work carried out on 
ship steel, SAE 1020 and a different heat 
of SAE 1035. Later SAE T 1330 and 
SAE 1020 were used as check steels. 

The analyses of the SAE 1035 and N.E 
8620 were as follows: 

Mn Si Pp 
SAE 1035 0.36% 0.70% oF 0.013 
NE 8620 0.21 0.95 0.26 0.020 

Ss ir Ni Mo 
0.024 
0.010 


SAE 1035 


NE 8620 0.36 0.49 0.20 


Since the welding head was originally 
intended for bare electrode, some diffi 
culty was experienced in adapting it to 
coated electrodes for a proper electrical 
contact. A solution was reached by using 
40-in. lengths of electrode and attaching 
the electrical connection to the upper end 
of the rod. 

Three types of welds were employed: 
(1) bead on plate, (2) first pass fillet, (3) 
first pass vees. The bead on plate welds 
were found to be equivalent for our pur- 


poses to the last pass on vee welds 
these the electrode was kept n 
tical. In the fillet and vee 
electrode was inclined forwa; 
of 20-25°. With the vee 
bevel was machined on the 
plates, while a double bevel was yey 
the 1- and 1'/,-in. plates. Ay incle 
angle of 60° and a '/\-in. land ang 
gap were maintained in all cases. Jp } 
3, the dimensions of the tes; Pieces 
shown for the three types of welds 

Four to six different rates of heat jp, 
were employed with each type of 
The heat input is usually express 
joules per inch of weld. It is the product 
of the are voltage, the welding cur 
and the speed of travel in seconds per j; 
Presumably then, these factors coy) 
adjusted simultaneously to keep the 
apparent heat input. This is permisih\ 
without altering the effect of the hear j 
put within reasonable limits of adjustmey: 
The heat inputs used ranged from 10. 
to 150,000 joules per inch. This j 
course, the total energy supplied to th 
arc, not just that absorbed by the mets 
The ratio between the two is known as thy 
efficiency of heat transfer and will yar 
somewhat with the electrode and 
design. Speed of travel was varied fro 
4 to 20 in. per minute, with the major 
of tests between 6 and 12 in. per mi 
The welding current was varied fror 
to 300 amp. For each current rang 
electrode size giving proper operat 
was selected. 

Four plate temperatures were inclu 
32°, 75°, 200° and 400° F. For the test 
at 32° F., the plates were packed in ice a 
when ready for use were dried with tow: 
Some “sweating” of the plates wa 
avoidable. For the 200° and 400° I 
peratures, plates were heated in a lar 
electric furnace. Specimens were w 
within two minutes after removal fro: 
furnace. This was compensated by sett 
the temperature control 10° F. above t! 
desired temperature. With preheats, 0 
the 1-in. plate was used for vee and fille 
welds 

Sections '/, in. thick for hardness 
were sawed under a coolant from the 
of the welds. After being trimmed 
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Fig. 2— Welding Circuit 
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cess metal, they were polished on the cross 
section and etched lightly with 2% nital 
Hardness impressions were made on a 
Vickers hardness tester, using the diamond 
pyramid indenter under a 10-kg. load 

The impressions were located in the hard 

est region of the heat-affected zone of the 
weld, just below the fusion line. The av 

erage of 6 to & impressions was used 
Grain size measurements were obtained 
at the same region, recorded as A.S.T.M 

classes Microstructures and hardness 
impressions in the heat-affected zone are 
shown in Fig. 4 


Jominy Tests 


The quenching equipment for Jominy 
tests is shown in Fig. 5. The quenching 
fixture was designed to permit the use of 
bars with thermocouples attached for those 
experiments in which cooling rates along 
the Jominy bar were checked 

The Jominy tests were made always in 
duplicate or in higher multiples. Previous 
to this program a series of tests was made 
over a temperature range from 1600 to 
2400° F. on a heat of SAE 1035. The NE 
8620 and SAE 1035 intended for the weld 
ing experiments were run at 1700° and 
2100° F. As will be shown later the Jom 
iny test at 2100° F. for 30 min. appears to 
match best the effects of the welding heat 
cycle 

The Jominy bars were packed individ 
ually in small nichrome boxes with pow 
dered charcoal. It is important to avoid 
scaling of the surface, particularly on the 
end to be quenched The boxes were 
held in the furnace 45 to 50 min. accord 


or the test 
“din ice ar 
with towe 
es wa 
in a larg 
ral frot 
| by set? 
above 
heats, 
and fillet 
dness q 
1 the 
med 
A B 
_ Fig. 4—Location of Hardness Impressions and Microstructure in Heat-Affected Zone. Steel SAE 1035. 
‘ Magnification 100. A—14-In. Plate; 80,000 Joules per Inch; Bead on Plate, 75 F. B-—11'.-In. Plate; 
j 15,000 Joules per Inch; Bead on Plate, 75° F. 
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ing to the temperature, insuring a soaking 
period at temperature of 30 min., and 
then the specimens were quenched 

The tests at 2400° F. were obtained by 
induction heating in a reducing atmosphere 
of partially burned city gas. Temperature 
was controlled by a thermocouple inserted 
into the specimen, and the time at tem- 
perature was 5 min. 

After quenching a !/2-in. wide flat was 
ground longitudinally on the bar, care 
being exercised to avoid overheating 
This depth of grinding provided a surface 
which was safely below any possible car- 
burized layer. Vickers hardness impres- 
sions with a 10-kg. load were then spaced 
at 0.025-in. intervals for the first half inch 
from the quenched end, 0.05-in. intervals 
for the next half inch, and 0.10 in. out to 
2 in. Grain sizes were also recorded for 
each bar 


Experimental Results 
Weld Hardnesses 


The maximum hardnesses which were 
obtained from welds made on SAE 1035 
steel are given in Table 1 together with the 
maximum grain size found in the weld 
zones. These hardnesses are presented 
more graphically as curves in Fig. 6. The 
welding current and speed of travel are 
collected in a single term, the heat input, 
expressed as the product of the arc volt- 
age, current, and speed in seconds per 
inch, being thus joules per inch. 


Jominy Tests 


The Jominy tests quenched from 1700° 
and 2100° F. on the SAE 1035 are shown 
in Fig. 7. Previously Jominy tests had 
been made on another heat of SAE 1035 
These are given in Fig. 8. These tests had 
been made in order to study the effect of 
temperature on grain size and of grain 
size on the hardening response of the steel. 
It was believed that, if necessary, a grain 
size-hardening relationship could be used 
to correct for the grain sizes occurring in 
the weld zones. Inspection of Table 1, 
as well as a large number of welds made 
on SAE 1020 and ship steel, shows that 
the weld grain size varies little from Class 
2. Likewise, Jominy tests heated '/, hr. 
at 2100° F. on more than 20 steels have 
revealed that the grain size is Class 2 
or 3 with only a few exceptions. There- 
fore, it has been possible to adopt the 
Jominy test heated '/, hr. at 2100° F 
as a heat-treatment cycle equivalent to 
that experienced by the heat-affected zone. 
This assumption will be justified further 
when the results of predictions based on 
it are presented. 

The establishment of an accurate Jom- 
iny hardness curve for the steel is of para- 
mount importance since all that follows 
is based upon it. Triplicate specimens, 
with axis transverse to direction of roll- 
ing, are essential. 


Weld Cooling Rates 


The maximum hardnesses in the welds 
coupled with the Jominy tests can be used 
to calculate actual cooling rates in the 
welds by assuming that equal hardnesses 
represent equal cooling rates. Jominy*® 
has measured the cooling rates at 1300° F. 
occurring throughout the Jominy bar. A 
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Table 1—Maximum 


Hardnesses and Grain Sizes of Weld Zon 


Automatic Welding 


PLATE AT RooM TEMPERATURE 


First Pass Vees 


Bead on Plate 


Plate | | Plate 
Thick- | Heat || Thick- Heat 
ness, | Input Vickers | Grain || ness, Input Vickers 
In. | Joules/In. | Hardness | Size In. | Joules/In. | Hardness 
1], 12,800 | 307 | 2-3 | 1s, 14,100 390 
1%, | 21,900 | 270 | 2 |} % 25,500 270 
39,000 | 246 | 2 38,000 243 
59,600 233 1 49,800 231) 
77,000 22 
13,200 | 473 | 3 | 13,800 560 
14, | 21,900 | 339 | 28 | ‘/2 | 29,900 369 
1/4, | 39,000 274 | 2-3 1/5 | 48,400 270 
V/s, 60,000 262 | 1-2 | 1/s 74,000 250 
82,000 246 | 1-2 || 115,000 237 
| 
] 22,600 493 3. 14,600 572 
| 40,300 351 2 ] 28,500 503 
l 63,200 282 2 l 49,400 345 
1 | 82,200 266 1-2 74,000 282 
l 137,000 254 l ] 150,000 258 
1'/, 21,100 514 3 1}, 20,500 525 
11/, 41,000 405 3 1! 37,000 173 
11/, 62,000 339 2 I! 49,000 $29 
79,000 297 2 11/, 77,000 312 
1'/, 137,000 258 1-2 | }} 156,000 270 
PLATE AT RoOM TEMPERATURE PLATE AT 200° F 
First Pass Fillets Bead on Plate 
Plate Plate 
Thick- Heat Thick Heat 
ness, Input Vickers Grain ness, Input Vickers 
In. Joules/In. | Hardness | Size In Joules/In. | Hardness 
13,700 493 3-4 15,000 274 
22,700 312 3 25,700 250 
1/, 43,800 266 2-3 41,200 230 
76,400 246 1-2 64,500 212 
85,500 246 
22,700 520 3 15,500 146 
1/, 43,000 339 3 I/, 25,700 278 
1/, 76,400 268 2 i/s 42,000 266 
1/, 85,500 257 2 1/, 82,000 2465 
1/, 132,000 258 2 
l 22,700 548 3-4 l 10,900 560 
1 40,700 488 3 l 19,700 $29 
1 64,500 390 2 l 46,900 312 
l 80,000 333 2 ] 62,000 292 
] 137,000 268 1-2 ] 97,000 262 
1'/, 21,900 548 3 1! 24,000 193 
1'/, 40,400 488 2-3 1/. 42,000 312 
1?/, | 62,500 405 2-3 || 1/2 80,400 278 
82,000 351 | 1-2 ||. 132,800 266 
1'/, | 187,000 266 | 1-2 | 
PLaTE at 200° F. \| PLATE AT 400° F. 
First Pass Vees First Pass Vees 
Plate || Plate 
Thick- Heat Thick Heat 
ness, Input Vickers Grain ness, Input | Vickers 
In. Joules/In. | Hardness | Size In. Joules/In. | Hardness 
1 21,900 464 3 l 21,900 376 
38,800 312 3 l 40,400 | 282 
1 62,000 266 2 l 63,300 266 
1 | 78900 | 266 | 2 1 78,900 | 262 
] 100,000 | 254 | 1 1 137,000 240 


(Table 1 Continued on next page) 
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Table 1—Maximmum Hardness and Grain Sizes of Weld Zones SAE 1935 t should be emphasized here that it is 
(Continued) 


not necessary to calculate cooling rates 
in the present study. It is just as satis- 
factory to employ Jominy distances as a 
First Pass Fillets First Pass Fillets measuring stick; and as will be developed 
in a later discussion. it is actually prefer- 


PLATE AT 200° F. PLATE at 400° F. 


Plate | Plate able from a theoretical viewpoint. It will 
Phick- | Heat Phick- Heat be noticed that in the charts this is done 
Ss ness, | Input Vickers Grain mess, Input Vickers Grain as a matter of convenience. The evalua- 
in Joules/In Hardness | Size In. Joules/In. Hardness Size tion of cooling rates will be useful. how 
21,200 525 3 1 21,900 397 3 ever, in analyzing the effects of such vari 
rs | 40,200 397 2-3 l 39,100 351 2-3 ables as plate thickness and preheat tem 
° 63,000 333 2 ] 61,300 278 2 perature 
| 82,000 292 78,000 274 While this project was to include only 
134,000 218 I 112,000 266 one heat cach of SAE 1035 and NE 8620, 
work that had previously been accom 
‘ plished permitted the data from plates of 
r SAE 1020, ship steel, and another heat of 
9 PLATE AT 400° F PLATE AT 32° F SAE 1035 to be included, when analysis of 
test results was undertaken rhe experi 
Bead on Plate Bead on Plate inental data for SAE 1035 have been pre- 
D Plate Plate sented as a typical series 
9 Thick- Heat Thick- Heat 
ness, Input Vickers Grain ness, Input Vickers Grain ‘ 
: In Joules/In Hardness Size In. Joules/In Hardness Size Analysis of Data 
9: 13,200 258 3 1 12.400 572 lo make possible the setting up of charts 
9 C 24,800 250 2 1 22. 600 525 which would cover a full range of plate 
9 ; 42,000 240 2 l 10,300 390 thicknesses, joint designs and preheat 
2 64,000 218 1-2 l 77,500 297 temperatures, it was realized early in the 
I 125,000 270) investigation that some workable relation- 
13,500 429 3 ship would have to be found to reduce the 
23,400 278 2 First Pass Vees effects of joint geometry and preheat to 
11,700 250) 2 fairly simple factors Accordingly, the 
81,800 237 1-2 Plate cooling rate data were examined carefully 
Thick Heat i to discover if this were possible 
10,700 473 2 Vickers Grain 
24800 317 3 n. Joules/In Hardness Size The Concept of Geometry Factor 
9e7 9 
O48 It is obvious that greater plate thick 
( 5, ~ 00 405 ad biel 
122000 258 62400 319 nesses give rise to higher voling rates by 
> ; =6 000 O87 virtue of the greatér mass of metal which is 
23.300 3 128,000 927() available to conduct he ut away from the 
9 11/, 11200 ORT _ weld area It occurred to on of the 
é 1'/, 83,000 270 2 First Pass Fillets authors that there might be an “effective 
l 130,000 1-2 radius” from the center-point of the weld 
Plate bevond which the metal cannot be of any 
Thick Heat significant help in carrying away heat, at 
9 ness, Input Vickers Grain least in the period of time in which the 
2 In Joules/In Hardness Size heated zone is cooling through the trans 
I ; 1 1) 200 5Rh formation range. If so, it would be the 
, 41.000 183 metal within this radius that is effective in 
] 80,500 328 absorbing the heat from the weld zone 
l 130,000 278 he larger the mass of metal within this 
2 —— ——— = area, the faster would be the cooling rate 
nuniber of cooling rate measurements were 
2 made here on SAE 1035 to check the 
< curve published by Jominy. The results 
- were close enough to justify the adoption 
of this curve. In Fig. 9, this curve is re- 
produced. These cooling rates are altered - 
when the bar is heated to 2100° F ; but 
since they are intended for comparison 
only the departure from the absolute Test Ban 
values does not invalidate their use 
An example will show how cooling rates | 
in the weld zone are obtained In Fig. 6 
the maximum welding hardness of SAE 
1035 for '/,-in. plate fillet weld at 40,000 
Grait joules per inch is 340 Vickers. From Fig. 
Size ‘ this same hardness is found to occur 
in. from the quenched end of the  — — 
) Jominy bar. According to Fig. 9 this Pure _ 
5 distance corresponds to a cooling rate at 
1-2 1300° F of 80° F per second. Thus this 
is the cooling rate at the point of maximum 
; hardness in the particular weld chosen 
i By this method the curves of Fig. 10 have 
j heen derived. Fig. 5—Jominy-Bar Quenching Apparatus 
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heated zone. This suggests a 
| of reducing the effect of weld joint 
shape and the plate thickness on cooling 
+o that exerted by the mass of metal 


the 
methor 


within the “effective radius.”’ Evaluation 
f the mass then becomes the problem of 
giculating the cross sectional area lying 


within this radius. First it must be de- 
ided how large a radius should be chosen. 
Rather arbitrarily, a radius of 3 in. was 
-hosen to test the concept. A refinement 
of the assumption would be obtained by 
making the radius a function of the heat 
input, but as will be shown, the results of 
the original assumption have been suffi- 
jently useful to make further refinement 
unnecessary. 


Checking Geometry Factor 


To test this conception, the data of Fig. 
i) were replotted, in each case dividing the 
heat input by the cross-sectional area of 
metal within 3 in. of the weld. Thus the 
curve of a bead-on-plate weld on '/;-in. 
plate would be divided by 1.5, a fillet weld 
on '/,-in. plate by 4.5, etc. The replot is 
shown in Fig. 11. Considering that four 
plate thicknesses and three joint geome- 
tries are represented, the proximity of the 
points to a common curve provides strong 
support for the concept. The support is 
increasingly encouraging when it can be 
reported that the data from three other 
steels also fall close to this curve. From 
this “master curve’ the values for plate 
thicknesses intermediate to those tested 
have been derived for the weldability 
charts. Thus a method is available for 
predicting satisfactorily the cooling rate 
of any joint design when the other vari- 
ables of welding are known. This step 


makes possible a quantitative treatment 
of the joint design problem. 


Analyzing Preheat Effect 

In analyzing the effect of preheating, it 
was possible to consult mathematical 
equations of heat flow for assistance. 
Rosenthal® has shown that preheating 
acts simply to reduce the temperature 
gradient in the region of the weld and with 
it the cooling rate. According to this con- 
ception, the cooling rates accompanying a 
definite preheat temperature may be ex- 
pected to bear a constant ratio to those 
occurring in a plate initially at room tem 
perature. Again the curves in Fig. 10 were 
examined, and reasonably constant ratios 
were found to exist. If the cooling rates 
for a plate at room temperature were 
assigned a value of 1.00, the ratios for the 
other plate temperatures were discovered 
to be those given below: 


Plate temperature, 32° F.... 1.10 
Plate temperature, 75° F 1.00 
Plate temperature, 200° F 0.85 
Plate temperature, 400° F 0.67 


Interpolation between these values per- 
mitted cooling rates for 300° F. preheat 
to be predicted 


Hardness Predictions and Verification 
After the maximum hardnesses had been 
measured for all of the weld zones in SAE 
1035 plates, and the equal hardness Jominy 
positions determined, predictions of hard- 
ness were made for welds in a new and 
untried steel, namely, NE 8620, based 
on the corresponding Jominy bar positions 
found for this steel and the master curve 
for geometry. The predictions are shown 
by the curves in Fig. 12, the test results 


by the individual points. This chart indi- 
cates the reliability of the method within 
the range covered by the experiments to 
date. The maximum error is of the order 
of 5%. 

Further tests were made on plates of 
SAE 1020 and SAE T 1330 furnished by 
Battelle Memorial Institute. Predicted 
curves and observed hardnesses are shown 
in Fig. 13 


Charts 


With these confirmations of the correct- 
ness of the assumptions made concerning 
equivalent Jominy positions, joint geom- 
etry and preheat temperatures, it became 
possible to set up charts from which weld- 
ing procedures for new steels can be pre- 
dicted 

Although it is possible to obtain proper 
welding procedures by calculation from the 
master curve, it is considerably more con 
venient to prepare tables from which the 
information can be secured easily. Charts 
of two sorts can be provided. The first 
type is a set which includes all of the com- 
mon plate thicknesses, joint designs, and 
preheats and would require some 160 
separate tables, which, however, would 
give welding currents after a single opera- 
tion: division of the table value by the 
arc voltage. The second type allows the 
data to be condensed into two tables 
One of the tables provides for the plate 
thickness and type of joint and is called the 
Geometry Factor Chart. This chart is 
shown in Table 2. The other relates the 
heat input (volts times amperes for various 
welding speeds) to the Jominy position at 
which the same coojing rate will exist. 
This is the Volt-Ampere Chart and is 
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Electric Arc, Oxyacetylene and Unionmelt 


Table 2—Geometry Factor. 
Welding 


Plate "First Pass | First Pass First Pass 
Thickness, Bead on Vee or Fillet or | Vee Weld with V/s, 
In. Plate U-Welds Lap Welds | Backing Strip 
_ 0.38 | 0.3 
1/4 0.5 0.48 0.75 0.6 
3/, 0.75 0.73 | 1.1 0.8 
1/5 1.0 0.95 1.5 1.1 
5/, 1.25 1.3 1.9 1.3 
3/, 1.5 1.4 2.25 
1 2.0 1.9 3.0 
1'/, 2.5 2.3 3.7 
1'/, | 2.9 4.3 
2 3.5 3.3 5.4 


Note: The higher the values in this table, the more severe are the conditions. 


Table 3—Volt-Ampere Factor Chart 


(Table 3 Continued on next page) 


Drrect VoLt-AMPERE VALUES FOR '/, IN. PLATE Butt WELDS, VALUES IN Kw. 


Jominy Plate Welding Speed, In./Min. 
2 32 10.410.6/0.8| 1.38] 1.7] 2.1] 3.8 
75 0.3/0.5/0.6| 0.9| 1.2] 1.5] 1.8] 2.7 
200 1 0.2/0.3 | 0. 0.6/ 0.8} 1.0] 1.2] 1.8 
300 
400 = 
2.5 32 0.6|0.9|1.2| 1.8] 2.4] 3.0| 5.4 
75 0.5 | 0.7 | 0.9 1.4 4.2 
200 0.3/0.4/0.5) 0.8| 1.0] 1.3] 1.5] 2.3 
300 awe 
400 
3 32 0.8)1.2}1.6) 2.4] 3.1] 3.9| 4.7] 7.1 
75 0.7/1.0|1.3| 2.0] 2.6] 3.3| 3.9] 5.9 
200 0.5 0.7 | 0.9 1.4 2.3| 2.7} 4.0 
300 0.3}0.5/0.6| 0.9] 1.5] 1.8] 2.7 
400 0.2/}0.3/0.4| 0.6] 0.8] 1.0] 1.2] 1.8 
3.5 32 0.9/}1.3/1.8| 2.7] 3.6] 4.5 | 5.4| 8.1 
7 | 0.8}1.2/1.6 | 2.3] 3.1] 4.0] 4.7] 7.0 
200 0.6/0.9/1.2| 1.8| 2.4] 3.0] 3.6| 5.4 
300 104106108) 1.2| 1.6] 2.0 | 2.4] 3.6 
400 0.3/0.5/0.6] 0.9) 1.2 | 1.8) 2.7 
4 32 1.111.6/2.1]| 3.2] 5.3| 63! 9.5 
75 2.7| 3.6| 45| 5.4] 81 
200 2.0] 2.7] 3.4] 4.1] 6.1 
300 10.6/0.9/0.1| 2.2] 2:8] 3.4] 5.1 
400 1.2] 1.6] 2.0} 2.4] 3.6 
j | 
4.5 32 } 1.2] 1.8] 2.4] 3.6 | 4.8 | 6.0| 10.8 
75 1.1) 1.6] 2.1 | 3.2) 4.2] 63) 9.5 
200 | 0 9/1.3)1.7] 2.6] 3.4] 4.3] 5.1] 7.6 
300 0.7) 2.1] 2.8] 3.5] 4.2] 6.3 
400 10.6/0.8/1.1| 1.7} 2.2] 28] 3.4] 5.1 
5 32 5.2] 6.5| 7.8] 11.7 
75 1.2/1.8|2.4| 3.6| 4.8] 6.0] 10.8 
200 38| 48| 57] 86 
300 2.4] 3.2] 4.0| 4.8] 7.2 
400 0.7/1.1/1.3} 2.6] 3.3| 41] 6.1 
6 32 16/2.4/3.2| 4.8] 6.4] 80| 14.4 
75 1.5/2.2/3.0| 4.5) 6.0) 7.5) 9.0| 13.5 
200 1.3/2.0/26) 3.9 | 6.5| 7.8] 11.7 
300 3.3] 4.4] 5.5| 6.6| 10.0 
400 1.0] 1.4 1.9 | 2.7} 3.8] 4.6) 5.4] 8.1 
7 32 1.8/2.7|3.6| 5.4| 7.2| 9.0] 10.8| 16.2 
75 1.712.6|3.4| 5.1| 6.8] 8.5| 10.2] 15.3 
| 200 4.5| 6.0] 7.5] 9.0| 13.5 
300 14/21/27) 4.1) 5.4] 7.0] 8.2] 12.3 
| 400 3.6) 4.8 | 6.0} 7.2] 10.8 
8 32 2.0/3.0 4.0! 6.0} 10.0| 12.0} 18.0 
75 19/2.9/3.8| 5.7| 7.6| 9.5] 11.4/| 17.0 
200 18/2.6/3.5| 5.3) 7.0] 8.8] 10.5| 15.8 
300 1.6)2.4/3.2| 4.8] 6.4] 8.0] 9.6| 14.4 
400 1.5/2.313.0] 4.5) 6.0] 7.5| 9.0] 13.5 


WELDING RESEARCH SUPPLEMENT 


given in Table 3. The Product 9 
values in the two charts gives the 
volt-ampere product obtained 
from the charts of the first typ< 
It may be added that geometry factors 
for joint designs, such as fillet 
tween plates of unlike thicknes< or for 
plate thicknesses not included jy 44, 
chart can be determined by caleylarin, 
the area of metal within a 3-in radius of 
the weld and dividing it by the area on . 
bead-on-plate weld, which 
been assigned a value of 1.00 in the chart 
The use of the charts will be clarified ifa 
specific case is described in detail. Assume 
that a vee joint of l-in. plate of NE gap 
is to be welded. From the Geometry 
Factor Chart (see Table 2) it is found tha: 
the geometry factor for this joint is | 9 
The welding engineer decides that a 2 
radial-notch bend angle will provide suff. 
cient ductility to avoid cracks in the base 
metal. He runs Jominy tests and bend 
tests on the heat of NE 8620 to be used 
The bend tests show (table 7 contains typi 
cal data) that the hardness of the ste 
accompanying this angle is 290 Vickers 
From the Jominy test of the same heat this 
hardness is shown to occur at a distance of 
8/16 of an inch from the quenched end 
This is the hardening characteristic or 
Jominy position of the steel. The section 
of the Volt-Ampere Factor Chart, Table 3 
corresponding to this Jominy position js 
now located. Let us say that the welding 
speed is known or assumed to be 6 in. per 
minute. Referring to a plate temperature 
of 75° F., the V-A factor is found to be 
5700. The product of the geometry fa 
tor, 1.9, and the V-A factor equals the 
actual volt-ampere product to be used, 
here 10,800. Dividing this by the ar 
voltage, 32 v., the minimum safe welding 
current is discovered to be 340 amp 
With a plate temperature of 400° F., the 
current could be reduced to 270 amp. 


f the 
Same 
directly 


as 


Discussion of Results 


Now that the method for predicting 
ductility and welding procedures has been 
presented in detail, the question arises as 
to what accuracy can be claimed and what 
errors are evident. The most reliable meas 
ures of accuracy available are the test 
predictions shown in Figs. 12 and 13 

The results of the predictions seem to 
indicate that the weld hardness of a steel 
for a given set of welding conditions can 
be predetermined to within 5%. This 5% 
represents the summation of errors from 
two sources: first, the error existing in the 
tables which have been established from 
the experiments in this study; second, the 
errors accompanying the preparation of 
Jominy curves for any new steel for which 
predictions are to be made. The absolute 
necessity for reliable Jominy tests cannot 
be emphasized too greatly. Duplicate or 
triplicate specimens are essential. In the 
course of the investigation it was found 
that banding in the plate interferes with 
the Jominy test unless the axis of the 
Jominy bar is perpendicular to the direc 
tion of rolling. 

Another qualification of these results !s 
their limitation to the steady welding state 
They do not represent starting conditions 
at the beginning of the weld bead on cold 
plate nor do they represent ‘“‘tack’’ welds 
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Table 3—Volt-Ampere Facter Chart (Continued) 
Jominy Plate Welding Speed, In./Min 
°F. iat 8 | 10 | 12 | 18 
32 2.3}3.4/4.5| 6.8] 9.0| 11.5 | 13.6 | 20.4 
75 3.113.323 1 4.3 6.4] 8.6] 10.7 | 13 | 19.3 
200 7 9.8 | 11.7 | 17.6 
300 7.2] 9 | 10.8 | 16.2 
400 |1.712.6/3.4] 5.1] 6.8 8.5 | 10.2 | 15.3 
10 32 7.8/10.4)13 | 15.6| 23.4 
7 7.2] 96/12 | 14.4 | 21.6 
200 66| 88/11 | 13.2 | 20 
300 | 2.0|3.0|/ 4.0) 6.0) 8.0) 10 | 18 
400 11.9/2.9|3.8| 5.7| 7.6| 9.5| 11.4] 17 
12 32 | 3.0|4.5\|6.0| 9.0) 12 15 | 18 | 27 
75 }2.8)4.2/)5.6/ 8.4) 11.2) 14 | 17 25 
200 2.6) 3.9|5.2| 7.8| 10.4/ 13 | 15.6 | 23.4 
300 | 3.6 14.8| 7.2| 9.6/12 | 14.4| 21.6 
400 | 7.0| 11.6) 14 21 
14 32 | 3.4] 5.1 | 6.8 | 10.2 | 13.6 | 17 20.4 | 30.6 
75 3.2 | 4.8 | 6.4 6 | 13 16 | 19 29 
200 3.014.5|}6.0) 9 12 15 |18 | 27 
300 2.8) 8.4) 11.2} 14 16.8 | 25.2 
400 2.7} 4.1|5.4] 8.1 10.8| 13.5 | 16.2 | 24.3 
16 32 | 3.8| 5.7 | 7.6 | 11.4 | 15.2 | 19.0 | 22.8 | 34.0 
75 13.6 | 5.4 | 7.2 | 10.8 14.4 | 18.0 | 21.6 | 32.4 
200 3.3 | 5.0 | 6.6 | 10.0 | 13.2 | 16.5 | 20.0 | 30.0 
300 3.1|4.6|6.2| 9.3 | 12.4 | 15.5 | 18.6 | 28.0 
400 3.0/4.5 |6.0| 9.0 | 12.0 | 15.0 | 18.0 | 27.0 
18 32 4.1 | 6.2 | 8.2 | 12.3 | 16.4 | 20.5 | 24.6 | 37.0 
75 3.9] 5.8 | 7.7] 11.6 | 15.4 | 19.3 | 23.0 | 35.0 
200 3.6 | 5.4 | 7.2 | 10.8 14.4 | 18.0 | 21.6 | 32.4 
300 3.3 | 4.9 | 6.6 | 10.0 | 13.2 | 16.5 20.0 | 30.0 
400 4.8/6.4) 9.6 13.0 | 16.0 | 19.0 | 29.0 
| | 
20 32 14.4 | 6.6 | 8.8 | 13.2 | 17.6 | 22.0 | 26.4 | 40.0 
75 | 4.1 | 6.2 | 8.2 | 12.3 | 16.4 | 20.5 | 25.0 | 37.0 
200 3.8 | 5.7 | 7.6 | 11.4 | 15.2 | 19.0 | 23.0 | 34.0 
300 3.6 | 5.4 | 7.2 | 10.8 | 14.4 | 18.0 | 21.6 | 32 
400 6.8 | 10.2 | 13.6 | 17.0 | 20.4 | 30.6 
22 32 4.6 | 6.9 | 9.2 | 13.8 | 18.4 | 23.0 | 27.6 | 41.4 
75 4.4 | 6.6 | 8.8 | 13.2 | 17.6 | 22.0 | 26.4 | 39.6 
200 4.0 | 6.0 | 8.0 | 12.0 | 16.0 | 20.0 | 24.0 | 36.0 
300 13.7 | 5.6 | 7.4 | 11.1 | 14.8 | 18.5 | 22.2 | 33.3 
400 | 3.6 | 5.4 | 7.2 | 10.8 | 14.4 | 18.0 | 21.6 | 32.4 
24 32 | 4.8|7.2| 9.6 | 14.4 | 19.2 | 24.0 | 28.8 | 43.2 
75 4.6 | 6.9 | 9.2} 13.8 | 18.4 | 23.0 | 27.6 | 41.4 
200 4.2 | 6.3 | 8.4 | 12.6 | 16.8 | 21.0 | 25.0 | 38.0 
300 5.9 | 7.8 | 11.7 | 15.6 | 19.5 | 23.4 | 35.0 
400 3.8|5.7| 7.6 | 11.4 | 15.2 | 19.0 | 22.8 | 34.0 


where the cooling rates are much higher. 
It would be a mistake, however, to choose 
welding conditions to insure ductility in 
the first inch or so of weld when these con- 
ditions would perhaps double the time and 
cost for the remaining 99% of the weld. 
This is especially true since stress intensi- 
ties are usually low at the beginning of a 
weld; also, the welding speed is low at 
Starting, especially in hand welding. 
Rather, it seemed to the authors that a 
5-min. preheating at the start of the weld, 
perhaps by a gasoline blowtorch using 
temperature crayons to govern the heat- 
ing, followed by the welding conditions 
derived from this system, was the more 
practical solution. Study of the starting 
conditions is planned for the future. 

One uncertainty present in this scheme 
is the selection of a notch-bend angle con- 
sidered to be the minimum safe value of 
ductility which the parent metal may 
Possess for a satisfactory weld. This is a 
problem for the designer. The present 
state of knowledge in the field certainly 


leaves much to be desired; but with this 
positive means of attack available, there 


is no reason why experience should not 
rapidly improve the situation. 
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An example of how experience might be 
borrowed is the case in which a certain 
steel has in the past been used successfully 
in a certain application involving welding 
Assume that a new steel has been sub- 
stituted for reasons of design oravailability. 
A Jominy test and bend tests on the old 
steel together with the weldability charts 
used in reverse would show what angle and 
Jominy distance corresponded to the satis- 
factory welding conditions that had been 
used on the old steel. Presumably this 
same bend angle will be satisfactory for 
the new steel. Therefore, the charts 
would be used in the regular way to find 
what welding conditions would be suitable 
for the new steel. It has been suggested 
that a bend angle of 20° may be sufficient 
for most structures when no stress-relief 
has been applied, and 10° when stress- 
relief is to be applied. These, however, 
are only tentative suggestions. 

A somewhat different service that the 
Jominy test and notch~-bend tests can per- 
form is as a test for uniformity in succes- 
sive heats of a steel applied to a certain 
use. Almost every welding engineer has 
encountered the unhappy situation in 
which an occasional heat of a steel causes 
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all sorts of troubles. This heat could be 
rejected in advance on the basis of this 
method. 

There are a number of questions that 
arise in connection with steels for which the 
method may appear to or may actually 
fail. First of these are steels whose 
mal conductivity differs considerably 
(usually lower) from carbon steels or the 
test steels from which the tables have been 
prepared. In such steels, of which Si 
steels above 0.75% Si are an example, 
cooling rates will be slower than in carbon 
steels under identical welding conditions. 
However, the cooling rate in the Jominy 
bar will be altered in the same direction al- 
though not necessarily to the same degree 
since the temperature gradients are not 
identical. In the absence of experimental 
data, it is safe only to say that those 
steels which do not differ too greatly in 
thermal conductivity from carbon steels 
should fit the predictions from the charts 
reasonably well. A second class of steels 
includes those whose alloy content alters 
their S-curves considerably from the usual 
form. It is impossible to state where this 
division must be made. It is believed that 
all steels in the S.A.E. series will behave 
satisfactorily at least for plates welded at 
room temperature, since the Jominy bar 
itself is quenched to room temperature 
With higher preheat temperatures, some 
serious deviations may be encountered 

Some of the questions which have arisen 
in this investigation and are now being 
studied are as follows 


ther 


1. The effect of joint geometries involv- 
ing unlike sizes of plates 

2. The influence of electrodes as to 
analysis and coating on cooling 


rates and maximum weld hard- 
nesses 

3. The behavior of steels whose alloy 
content alters markedly their 


thermal properties or transforma- 
tion behavior, e. g., armor plate 

4. Application of heat flow equations to 
attain improved accuracy 

5. The possibility of using Jominy 
tests from heated to lower 
temperatures to avoid inconveni- 
ence of the 2100° F. treatment 

6. The study of other types of tests for 
ductility as possible 
for the notch-bend test. 

7. Correlation of notch-bend tests 
made on synthetic specimens to 
those made on actual welds 

8. Development of a simple test for 
plates too thin for Jominy tests or 
for use where the Jominy test is 
inconvenient 


bars 


substitutes 


The writers are aware that this investi- 
gation leaves many questions unanswered. 
It is hoped, however, that the information 
that has been presented here is a step to 
ward a better understanding of the sub 
ject and that it can be followed by increas- 
ingly useful studies in this most interesting 
and important field. 
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Part II-B—Jominy and Slow Notch-Bend Data on Various 


A method has been outlined above for 
controlling the minimum ductility of the 
heat-affected zone of a weldment. For a 
given heat of steel this involves a knowl- 
edge of the slow notch-bend angle at maxi- 
mum load corresponding to any distance 
from the quenched end of a Jominy bar 
This information can be obtained as fol 
lows: The relation between Jominy posi 
tion and hardness is determined from a 
Jominy test. The relation between bend 
angle and hardness is obtained from tests 
on bend specimens cooled at various rates. 
Then, through the hardness, bend angle 
can be related to position on the Jominy 
bar. Thus a curve or a table can be con- 
structed showing the relation between 
bend angle at maximum load and distance 
from the quenched end of a Jominy bar 

For accurate work bend angle and 
Jominy data must be obtained for each 
heat of steel. Nevertheless, data showing 
bend angles corresponding to various 
distances from the end of a Jominy bar 
for common steels would be useful as a 
rough guide to the welding behavior of 
these steels. Such data have been accu 
mulated for 22 common steel analyses and 
are presented in Tables 4-7. In these 
tables are listed distances from the 
quenched end of a Jominy bar, together 
with both the Vickers hardness numbers 
(VHN) and slow notch-bend angles corre 
sponding to these distances. In most 
cases bend angles are listed for both the 
Izod and radial notches, illustrated in 
Fig. 14. Chemical analyses of these steels 
are given in Table 8. 

Tables 4-7 are designed to give typical 
data for a large number of welding steels 
as regards the Jominy End-Quench Hard 
enability Test and the Slow Notch-Bend 
Test. Since this is the case, actual values 
should not be taken from these tables. 
Rather, the individual tests should be 
made on each heat of steel. The importance 
of this last cannot be overemphasized, 
especially since there is a great deal of 
reclaimed scrap material being used in 
steel making, with a consequent variation 
in the alloy content from “‘heat to heat.” 
For this reason, the values given herein are 
only an approximation for the various 
steel compositions and a pattern to follow 
in determining the welding conditions for 
the fabricator. 

Since Jominy and slow notch-bend tests 
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Steels 


By John H. Frye, Jr. 


must be made on each heat of steel, we 
shall now refer briefly to the well-known 
Jominy test and in detail to the less well- 
known slow notch-bend test 


Jominy End-Quench Hardenability 
Test 


This test is described in detail by Jominy 
in Metal Progress for December 1941 
For this work the test is slightly modified 
in that the specimens are held at 2100° F 
for 30 min. and quenched from that tem- 
perature. This appears to give an aus- 
tenitic grain size closer to that obtained in 
welding than heating to 150° F. above the 
Ac; point and holding for 30 min. as in the 
standard test. Grain sizes developed in a 
number of steels by this treatment are 
listed in Table 9 

In the present work two specimens of 
each steel were quenched. On each of the 
duplicate specimens impressions were 
spaced somewhat as follows from the 
quenched end: 20 impressions at intervals 
of 0.025 in., 10 impressions at intervals of 
0.05 in., and 10 impressions at intervals of 
0.1 in. Thus the number of hardness 
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483-s (1941). 
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9. Rosenthal, ““Mathemat;, 
Theory of Heat Distribution Durine 
Welding and Cutting,” Tue 
JourNaL, 20 (57), Research Suppl. 459. 
(1941) 


measurements made was considerably } 
excess of the number of hardness yalyo 
given in Tables 4-7. 


Slow Notch-Bend Test 


Specimens for the bend test are heated 
up to 2100° F. and held at temperature fo; 
30 min. Care should be taken that car 
burization or decarburization should no: 
extend to as great a depth as the notch to 
be machined in the specimen after heat 
treatment. Heating may be done in cast 
iron chips, sand-covered with charcoal. o 
in a controlled atmosphere. Specimens 
are cooled at various rates to secure th 
wide variation in hardness encountered 
along the Jominy bar. Suggested metho 
are cooling in sand, in air, in air blast, iv 
water spray and in oil. Probably air, air 
blast and oil will usually be convenient 
and sufficient. 

Specimens cooled in sand, air, air blast 
oil, water and brine frequently fall int 
two groups as to hardness. Specimens 
cooled in sand and air, for example, may 
have nearly the same hardness but be 
much softer than specimens cooled in oil, 
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Table 4—Bend Angles for Plain Carbon Steels 


JOMINY 
STEEL DISTANCE* 20} 2.5} 3.0} 4.5] 5.0] 60} 70} 8.0190) 10] 12114 116118 | 20}22124 124 


VHN 118}1 13} 110} 108}105} 108} 118} 28} 128} 128}128 
ARMCOTANGLE [RADIAL 53 160/63] 65/68] 65| 531501 50150146145 143 [43 43 143 143 [43 143 
BEND | IZOD} 70} 12] 15] 70) 5.0} 
VHN 220198} 182} 1721168} 163} 16! 1531/51 11491145) 1421141 1141 | 1401140] 140] 111 
C-1010 JANGLE JRADIAL| 17} 23} 27| 30} 32| 33} 34] 35| 37) 37|.38| 39)41 |42143 143143 |43 | 43154 
BEND] IZOD} 7.0} | 14418] 18] 19 | 22| 22) 22) 23) 24125126 | 26| 26 | 26 | 26 | 37 
VHN 2651237| 223} 211 | 202} 198) 193} 185) 180) 175} 1721171) 168) 165} 161 {1591155} 153] 1501128 
C-1020 ANGLE RADIAL 14} 19} 21 | 23} 26] 26)}28} 30} 32] 33] 34] 34| 36] 37] 38] 39/41 | 41 142/53 
BEND} | ZOD} 30} 5.0} 7.0} 8.0} 9.0) 9.0] 10) 11] 12] 13} 14] 14] 14115] 16] 16)17 117 | 18127 
VHN §23}500}467| 390} 340} 310| 285)265| 258 253} 251 1249] 242| 240|238| 235|2 32| 2301229161 
C-1035 | ANGLE |RADIAL| 4.0} 4.0} 5.0] 8.0] 10} 12} 14] 16] 17] 18} 18] 18} 19 19 | 19 | 20} 20} 20] 20) 27 
BEND | !ZOD} 2.0} 2.0} 2.0} 3.0} 3.0} 4.0| 4.0} 40] 5.0] 5.0) 5.0} 5.0] 5,0] 5.0] 5.0] 5.0] 5,0] 5.0] 5.0} 70 
VHN 440} 390} 320|288)275}268 | 262|259}255| 252/250} 245|242|238| 23112271221 
C-1045|ANGLE [RADIAL] 50] 70] 11] 15] 16] 16} 17] 18} 18] 18 | 18} 19} 19}20] 21 23123 | 30 
BEND | !ZOD{|2.0} 2:0} 30} 4.0} 4.0} 4.0| 4.0} 4.0} 4.0} 4,0 | 4,0] 4.0] 4.0} 5,0] 5,0] 5.0] 5.0} 50} 5.0160 
SHIP VHN 230} 214 {203}!96} 160159] 1581571151 1451141 
ATE RADIAL] 17 | 19 | 21 | 23) 24] 25 | 26| 28) 30] 31 | 33} 33] 33 | 33) 34 | 36] 38] 39139 | 
Benp | IZOD} - | - | — | 05] 2.5] 40] 45] 6.0] 60! 6.0] 6.0] 75] 9.0) 10 110 | 19 
* SixTEENTHS OF AN INCH 


Table 5—Bend Angles for Low-Alloy Steels 


JOMINY | even 
STEEL DISTANCE 2-9] 3.0 35] 4.0] 10112 114116 | 24 


VHN 4401390] 360) 3.30|304|288) 2 371235|233|232|222 
C-1137 JANGLE [RADIAL 11} 19] 21 [21 |21 


BEND | IZOD |2.0)2.0} 2.0} 3,0} 3.0} 4.0} 4.0} 5.0) 5,0} 6.0} 6.0) 6.0} 70} 70} 70) 70) 70} 70) 70/80 
VHN 500} 495/493 | 491 | 490/490) 490}4 90/488 |485|482 72|447|420) 390) 365) 345) 327/256 


RADIAL| 60] 6.0] 60] 60] 6.0] 60] 6.0] 6.0} 70} 7.0| 70} Z0} 7.0]8.0} 10| 10} 1! | 12} 16 
SAE VHN 5601550|543154 | 4 7314.40) 408) 368] 343] 
3135 ANGLE RADIAL] 3.0] 3.0] 3.0] 3:0] 4.0] 40] Z0} 9.0] 10} 11} 124112113} 14] 17 


VHN___ 10] 378| 350] 303] 297] 290|278| 268] 261 |260|233 
A-4037 |ANGLE |Rapial] 40] a0] 6.0] 6.0] 6.0] 70] 70]8.0/9.0] to] 12 [1515 [15] 17] 17 | 18 [18 [21 
Send | 1 | |—| — |— |—|—|— leo 


ANGLE RADIAL] 1.0] 1.0] 10} 1.0} 10] 1.5] 15) 15] 15 | 1.5] 30] 35] 
Beno! 
VHN 4901483147814 741471147014 701469| 4081465] 463/4621462|401 | — 
50| GLE [RADIAL 10, 


% SixTEENTHS OF AN INCH 


295-s 


‘whe 
Wau, 
Suppl 
Meta 
Maticg 
During 
ng 
ELDIni 
| 
| 
4 
in 
Cater 
re for 
. Car 
1 not 
ch to 2 
heat 
Cast 
al. or 
Metis 
, alr +2 
last 
int 
lens 
may 
} 
unt k 
Ol, 
f 
| 
ny 
J 1943 PRESERVING DUCTILITY IN WELDMENTS a a 


Table 6—Bend Angles for Special Alloy Steels 


STEEL 2,0} 2.5] 3.0} 3.5} 4.0] 4.5] 7.0} 8,0} 9.0] 10 12 | 14 | 16118} 20122 |24 
VHN 393} 295|2 7712 70\2571248124| 235)232 
NOLE RADIAL] 10} 10] 13/14] 15] 16] 16 [18 [1818 

| BEND izop| — feos 

YOLOY | ANSLE RADIAL] 21|23|24 |26 |27|29 |29| 30] | 34134 | 34[35]35/35[35 [35130] 35 


Beno | 95 10[ 12713714 16] 18118 119 [19 
VHN 343] 320]302|285)2 213] 21 11209}207|205]202| 2001199 7a 
NAX ANGLE RADIAL] 13} 15] 16] 18] 19 [21 122/23 125] 26127] 27128 | 28] 29130130130 [30140 
BEND | 1Z0D}5.0}60| Zo] ao] [12] lie 
MAYARI RADIAL | 17}20] 24 | 27] 28 | 29| 30] 31 | 32] 33] 34] 35137] 39/41 [42143 143 
BEND | IZOD] — | —| —| — | 2.0] 3.5/4.0] 55] Zol 80] 90] 


VHN 605|603160015971595| 594] sails 


Beno | IZODI— |- 
SIXTEENTHS OF AN INCH 


- 


DISTANCE 2.0) 25} 30} 3.5] 4.0) 45 | 5.0/6.0} 7.0} 80} 9.0] 10 | 12 16} 18 | 20}22 |24\24 


Ta VAN |5 35|5 32152 715201500 480} 357] 
ANGLE [RADIAL] 1.0] 15] 15/15] 15/15] 15/151 15] 15/15] 15 [20120] 20] 201 20] 25]40 


OF 
VHN 4141409}403}395| 385] 373} 360) 3512 33|230| 22812231212 
ANGLE 10] 10} 11] 11} 12} 13 | 14} 16} 20] 23] 241 25| 27] 29129129] 30 | 31 | 32 
8620 OF A 
Beno |— |— [— |—[- 
NE VHN 46314 38) 405] 380} 360} 3 30] 310|297|289) 280] 278] 2751243 
ANGLE |RADIAL] 45 }4.5 4.5 | 4.5] 4.5} 45 | 5.0] 6.0] 70] 8.01 851 10111 1131141151161 16 | 16 | 19 
8630 OF IZOD | — |— | — — — — — | — | 
BEND —|—|-|-|-|- 0 
NE VHN 6 12|605}600} 599] 598] 580}558] | 39/| 303 
ANGLE JRADIAL] 15 | 15] 1.5] 15 | 15115] 15] 15|20]20|20] 20] 2.0] 20] 25]3.0/ 3.5] 40/40 | 20] 


OF 
11+ 1—1—| -1-1-|- | |-1— | —|—|— | 


VHN 618610} 602) 597/593) 591 42! |405) 369)289 


— RADIAL} 1.5] 1.5} 1.8] 2.0] 2.0] 2.0} 2.0] 2.0] 2.0] 2.0} 25} 25 | 3,0| 5.0] 5.5|6.5| 75| 80} 90) 14 
12001 — 1— |—|—|— |— |— |— |— |— | —|— | - |- 135 


% SixTEENTHS OF AN INCH 
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Table 8—Chemical Compositions 
Steel Cc Mn P S Si Cr Ni Mo Cu Other 
C1010 0.12 0.47 | 0.011 0.038 
C-1020 | 0.20 0.49 0.009 0.032 
¢-1035 0.37 | 0.68 | 0.012 0.034 
C-1045 0.43 0.81 | 0.014 0.032 
C-1137 1.62 | 0.024 0.105 
SAE 2330 0.32 | 0.70 | 60.017 0.024 0.21 3.46 
SAE 3135 — 0.38 0.70 | 0.010 0.023 0.20 0.55 1.24 
4-4037 0.35 0.85 | 0.015 0.017 0.29 Bp. 0.25 
SAE 6145 0.47 0.83 0.015 0.033 0.2% 0.97 VA—0.19 
SAE 501 0.2 0.49 0.019 0.026 0.19 4.46 0.15 0.48 
R.D.S. No. 1 0.24 0.88 0.011 0.013 0.005 1.24 1.48 
Yoloy 0.11 0.46 0.007 0.028 0.18 1.78 0.99 
NAX 0.14 0.70 0.024 0.020 0.83 0.59 0.12 0.26 az—O0.11 
Mavari 0.10 0.67 0.095 0.042 0.30 0.57 0.39 0.46 
H.T.M 0.41 0.64 0.019 0.036 0.23 1.14 2.18 0.50 
NE 8447 0.44 1.40 0.028 | 0.30 0.20 0.34 
NE 8620 0.21 0.95 0.020 | 0.010 0.26 0.36 0.49 0.20 
NE 8630 0.31 0.80 0.016 0.025 0.26 0.48 0.67 0.17 
NE 8744 0.50 0.90 0.019 0.021 0.25 0.49 0.46 0.25 
NE 8749 0.47 0.90 0.021 | 0.035 0.27 0.52 0.46 0.24 
Ship Plate 0.22 0.43 0.016 0.040 0.028 0.04 0.02 = 0.02 
a specimen. The Izod notch was found to 
7 be too severe and was discontinued in the 
"4 latter part of the work 
~ Specimens are bent in the jig shown in 
Fig. 15. The specimen is placed in the jig 
Ey with the notch in the center of the span 
to and facing the female part of the jig. A 
t protractor (see Fig. 16) is clamped to the 


Fig. 15 


water or brine which may not differ much 
in hardness among themselves. This leads 
to two groups of points which are widely 
separated on the bend-angle hardness 
curve. 

It is possible to secure intermediate 
points by use of a spray of water. By 
regulating the amount of water striking 
the specimen per unit time it is possible to 
vary the cooling rate gradually over a wide 
range. It is thus possible to secure speci- 
mens of hardness intermediate between 
those given by the usual cooling methods 
and therefore to obtain a better distribu- 
tion of points along a bend-angle hardness 
curve. This method of cooling is far less 
convenient than the more usual ones, but is 
useful if a uniform distribution of points 
along the bend-angle hardness curve is 
desired. 

Notches are machined in the specimen 
after heat treatment. Dimensions of 
finished specimens are shown in Fig. 14 for 
both radial and Izod notches. It is ad- 
visable to have duplicate notches on each 
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specimen on each side of the notch and set 
to read zero angle. The load is then ap 
plied until it reaches a maximum When 
maximum load is reached the angle on 
each protractor is read and the two added 
to give the total Angle of bend. These 
measurements of angle can be made very 


accurately as is seen from Fig. 17, which is 
a typical plot of load versus a j 


In routine work, however, only the angle 


corresponding to maximum load is meas 
ured 

The protractors shown in Fig. 10 were 
developed for the present investigation 
and require further descriptior rhe 
needle, N, swings freely on the shaft, S, 
and is held in a ver by a 
weight, W’, at its end The angle scale, A 


Fig. 16 
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AS.T.M. 
Grain Size No 


Steel 


C-1010 
C-1020 
SAE 1035 
SAE 1045 
Ship Steel 
C-1137 
SAE 2330 
SAE 3135 


ty 


SAE 6145 
R.D.S. 
Yoloy 
NAX 
Mayari 
NE 8447 
NE 8744 


Grain Size No. 


Bend Test - SAE 


3000 


Load (Ibs) 


2000 


LOAD _ 


1000 


is a transparent protractor and can be 
purchased in many stationery stores. It 
is clamped in place by the screw, K, so 
that a zero on the scale can be set against 
the point of the needle in beginning the 
test. 

For the steels examined here the maxi- 
mum load has never exceeded 4000 Ib. 
If machines of large capacity are used, 
most unsatisfactory results may be ob- 
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Angle of Bend 
Fig. 17 
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VICKERS HARDNESS 


tained, and it is important to emp). 
tester which is sensitive for loads a: Sg 
as 500 Ib. 

After measurement of bend angle the 
hardness of each specimen must also ty 
measured. Hardness tests are mac oa 
away from the deformed region aboy; the 
notch, but at the same depth beloy the 
surface as the bottom of the notch (., 
Fig. 18). 

Angle of bend is plotted against hardy. 
or against reciprocal hardness. There a: 
pears to be a roughly linear relation be 
tween bend-angle and reciprocal hardne 
The reciprocal relation is more troublesoy, 
but may be justified where points ar; 
well distributed 


Bend Angle-Jominy Distance 
Relationship 


In order to secure data such as thar of 
Tables 4-7, in which bend angles corr 
sponding to Jominy distances are listed 
two curves are needed. One is a curve of 
hardness against distance from the 
quenched end of a Jominy. The other ix; 
curve of bend angle against hardne: 
Such curves are shown in Figs. 19 and 2 
The scatter of points is frequently very 
much greater than in Fig. 20. From a 
curve such as that of Fig. 19 hardne 
corresponding to a given Jominy distanc 
isread. Then from a curve such as that of 
Fig. 20 the bend angle corresponding ' 
that hardness is read. 


Summary 


Tables of data showing the relatior 
tween Jominy distance, hardness and sk 
notch-bend angle have been accumulat: 
for 22 commercial steels. These tables ar 
to serve only as a rough guide to the be 
havior of various commercial steels. It: 
essential that the welder make Jominy 
and slow notch-bend tests on each heat 
steel that he uses. 

In addition the procedure for obtaining 
slow notch-bend data has been describe 
This involves the use of protractor: 
pecially designed for this work, whic! 
crease both the ease and accuracy of ang 
measurement. 
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STANDARD END-QUENCH HARDENABILITY TEST 
C- 
1010 
400 
300 Quenched from 2/00°F _| 
\ AS.LM. Grain Size *2 
\ 
S 200 
—— 
100 
0 0.50 100 125 L350 175 2.00 
Distance from End in Inches 
Fig. 19 
50} Stow Norcn-BEND TEST__| 
¢-1010 
40} \ 
: | \ \ 
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Tests on NE 8630 Steels for Welded 


Air Frames 


By Morse Hill' 


ing indicate that the technique used for welding 

X-4130 chromium-molybdenum tubing and sheet 
(specifications AN-WW-T-850 and AN-QQ-S-685) is 
satisfactory for this alternate steel NE 8630 conforming 
to Aeronautical Material Specifications A.M.S. 6355 
for flat products and A.M.S. 6530 for seamless tubing. 
These steels may be used interchangeably for welded 
structures, but each fabricator should determine that no 
difficulty will be experienced when the steels are welded 
in accordance with his established procedures. 

Final evaluation of weldability will depend on the 
outcome of tests made by manufacturers of airframes and 
accessories on actual parts from production lines. It 
would appear, however, that steel tubing (A.M.S. 6530) 
and steel sheet (A.M.S. 6355) of NE 8630 analysis, and 
chromium-molybdenum X-4130 steel may be welded 
together in an assembly, hardened from a temperature 


B eine the laboratory tests used for weld- 


* Reprinted from Metal Progress, April, 1943. 
+ Matériel Center, U. S. Army Air Forces, Wright Field, Dayton, O. 


Table I— Tests on NE8630 Sheet and 


suitable for X-4130, and subsequently tempered by 
procedures recommended for either nominal composition, 
It appears that at equal draw temperatures NE 863 
will have lower strength and greater ductility than 
X-4130, but results to date indicate that the variability 
in mechanical properties (including hardenability jy 
the welded zone) between NE 8630 and S.A.E. X-4139 
is not greater than between the extremes of allowable 
compositions within either specification. 

Three laboratory studies have been completed, one 
at the Matériel Center, one by Lockheed Aircraft Corp. 
(‘Welding Tests on NE 8630 Steels’’) and one by Boeing 
Airplane Co. (Report No. 6353, “Tests on Alternate 
Steels’). Since the findings are similar the results are 
summarized. Sheet and tubing having the chemical 
composition of the alternate steel NE 8630 have been 
compared with similar sizes of X-4130. 

The actual results have been summarized in Tables 
1 to 5 and Figs. 1 to4. Welders find that sheet (A.M.S 
6355) and tubing (A.M.S. 6530) weld as easily as X-4130. 
The comments from the reports are: 


Plate, and Butt Welds Made Thereof 


WELDING TENSILE PROPERTIES VICKERS LOCATION OF 
METHOD | Unrimarte | Evoncation | HARDNESS FRACTURE 
0.036 in. None None 58,400 82,000 20 170 
None Normalized 66,500 132,800 13.7 239 
None Q. 1550°; d. 850° | 167,600 173,700 4.6 390-481 
Arc As welded is 84,400 12 See Fig. 2-A | Base metal 
Gas As welded ier 87,200 11 See Fig. 2-A | Base metal 
0.062 None None | 52,200 75,300 23.5 166 
None Normalized | 69,800 129,000 15.8 302 
None Q. 1550°; d. 850° | 176,500 173,000 6.4 377-480 
Arc As welded | 78,300 14 See Fig. 2-B | Base metal 
Arc (a) 108,500 10 ane Base metal 
Gas As welded 81,200 11 See Fig. 2-B | Base metal 
Gas (a) ne 104,600 10 Panne Base metal 
0.25 None (b) 88,000 107,000 23 250 
(X-4130) | None (c) 94,000 109,000 23 185 
Arc (d) As welded 107,200 3.5 See Fig. 2-D | In weld 
(X-4130) | Are (d) As welded 93,300 14 See Fig. 2-D (f) 
Gas (e) As welded 104,500 4 See Fig. 2-D | In weld 
(X-4130) | Gas (e) As welded 93,600 3.5 See Fig. 2-D (f) 


(a) Normalized at 1650° F. and air cooled after welding. 


(b) Normalized at 1625° F., oil quenched from 1550° F., drawn at 1300° F. See also Fig. 1. 
(c) Lines in italic represent X-4130 (AN-QQ-S-685); normalized at 1675° F., oil quenched from 1625° F., drawn at 1200° F. See 


also Fig. 1. 
(d) Heavily coated electrode used. 
(e) Page ‘‘Hi-Tensile” rod used. 
(f) Annealed zone in plate. 
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|. The alternate steels melt somewhat faster and 
have a cleaner puddle of molten metal, especially in gas 
welding. 

2. There is less tendency toward weld cracking in the 
alternate steels. 

3. The hardness gradient and total hardness varia- 
tion in the alternate steels compare favorably with 
X-4130. As shown by the figures, the hardness gradient 
from weld to base metal is often less steep in the alter- 
nate steels. 

4. The welding techniques necessary are about the 
same for both types of steel. 


Laboratory procedures used in testing at the Matériel 
Center are outlined below. The weldability of a steel 
cannot be completely determined by laboratory testing. 
It is essential that a number of parts representative of 
light and heavy sections be fabricated in the shops from 
several heats of the alternate steel being considered. 
Each fabricator should weld a few trial parts from the 
alternate steel before changing over. No additional 
comment is made except to call attention again to the 


Fig. 1—Properties of a Single Heat of NE 8630 Steel, Heat Treated and Tested as '/,-In. Plate 


Table Il — Properties of NE8630 Seamless Steel Tubing Conforming to Specification A.M.S.6530 


rather wide variations in hardenability among the 
standard steels, long used in aircraft structures. 


Weldability 


Butt welds were used exclusively. Except the ', «in. 
plate, all were single-pass welds. The '/,-in. plate was 
welded with a double pass and beveled to a 60° vee be 
fore welding. The welded tensile specimens (results in 
Table 1) were 14 in. long with a reduced width at the 
weld about 6 times the thickness of the sheet. All tests 
were made in duplicate or triplicate. One typical high- 
strength welding rod available at the Matériel Center, 
was used. 

Comparative tests on AN-QQ-S-655 (X-4150 steel 


were also made in '/,-in. plate, and results shown in 
In addition to the tests shown 


Table 1 and Fig. 1. 
some specimens of 8630 plate were welded to X-41 


i) 


When arc welded with heavily coated electrode the ten- 
sile strength was 94,700 psi., and failure was in the an- 


} 


nealed zone of X-4130, which developed 14° , elongation 


| 1 in. x 0.036 


CONDITION | Unri- 

| YIELD | MATE 
As received 88,400 | 120,500 | 
Normalized at 1650° F. 60,000 | 115,500 


54,600 | 113,300 
50,500 | 97,600 
128,300 | 132,400 
155,700 | 158,800 
180,500 | 186,500 


Normalized at 1700° F. 
Normalized at 1800° F. 

Quench 1550° F.; draw 1100° F. 
Quench 1550° F.; draw 900° F. 
Quench 1550° F.; draw 700° F. 


11. x 0.062 

ELon- | VICKERS | Unti- | Evon-  ViICKERS 

GATION | HARDNESS | YIELD MATE GATION HARDNESS 
19.0 | 260 82,600 | 114,000 23.8 257 
17.0 273 | 61,500) 114,100 22.2 276 
14.5 | 280 | 63,400) 118,500 21.5 276 
20.2 | 224 58,400 105,400 25.0 228 
13.0 288 126,400 | 133,200 17.0 302 
8.5 355 160,200 | 163,400 16.5 380 
5.5 432 184,200 | 196,400, 8.7 450 


TESTS ON NE 8630 STEELS 
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Fig. 2—-Hardness Traversis of Butt Welds in NE8630 and 
X-4130 Sheet and Plate 
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cation AN-WW-T-850 for X-4130 tubing. This same 
phenomenon has been encountered at National Tube Co., 
Ellwood Works, in X-4130 steel, as noted in a report on 


JULY 


Table III — Effect of Drawing After Normalizing in 2 in., during which time the 8630 
: stretched 1.5%. When gas welded March 
| NORMALIZED aT 1650° F Drawn at 900° F., with high-tensile rod the joint broke at fe paray 
Tuse Size | | ArrerR NORMALIZING 96,100 psi. in weld; the x. Norma 
a a YIELD ULTIMATE | GATION | YIELD ULTIMATE | GATION Hardness surv eys across these welded was als 
| 8630 Tested at Materiel Center | Fig. 2, in which the 
x 0.037) 56,950" 111,600° 20° | 82,420+ | 100,690+ 22+ exaggerated by thy 
1x 0.063) 60,4104 107,900+ 254 80,3007 100,500+ 26+ h cal scale ese Curves show thay 
2x0.25 | 60,550° 95,500" 43° 68,900" 93,150° 97° the maximum hardness of 10 and 
| X-4130, when welded with the ordinary may 
— X-4130 Tested at National Tube Co. techniques, are on the same Onder carbon ¢ 
x 0.035, 66,500 127,200 18 91,000 113,920 23 magnitude. mer wit 
% x 0. 035| 76,000 117,600 17 88,500 112,600 15 experien 
2% x 0.25 | 69,200 103,000 36 75,700 104,200 37 yield str 
2% x 0.25 | 63,460 94,580 43 63,380 95,040 42 Tensile Properties conjunct 
_ All stress-strain curves show a | All stress-strain curves show a ever sl 
_ smooth curve of gradually in- | definite break at yield, preceded Returning to a consideration of Fig Howeve 
creasing elongation (see Fig. 3) | by slight elongation (see Fig. 3) 1, which compares data on NE gs 21) tubing < 
steel in the form of '/,-in. plate with may be 
, X-4130 plate of the same thickness lowering 
Average of 4 determinations X-4130 shows decidedly better stren, sth ig accom 
with the lower drawing temperatur: of stress 
Furthermore, for the same strength jt 
may be drawn to a higher tempera 
| 
— | Normalized, Then Drawn 900°F 
— 
1x 
1062-In, Sheet | 
| | Gas- Welded | 2x0.257 2x0.25" 
| | NE 8630 NE8630 | x-4130 
on Y4-In. Plate, Fig. 3—Normalized Aircraft Tubing (NE8630 and X-4130) 
Arc-Welded NE 3630 Must Be Tempered to Develop Well-Marked Yield Point 
500 
= ture. This possibly might be advantageous if the maxi 
|__| mum amount of stress relief were necessary. The figures 
presented are the average of 4 specimens, 2 taken longi 
= | tudinally and 2 transversely to the direction of rolling. 
300 In general the longitudinal specimens showed from 3000 
| to 5000 psi. greater ultimate strength and about 5°, 
greater elongation. (Elongation on these flat specimens 
00 is not directly comparable to elongation on round speci 
Cas Wh wna mens. The same material tested as a flat specimen will 
= — eee, S05 = have a lower elongation than if tested as a round speci 
men.) 
Welded, Table II gives some tensile tests and Vickers hard 
“4 nesses of l-in. tubing made of NE 8630 as tested at Maté 
4 Gas- Welded. riel Center as received and after various heat treatments 
Values for quenched and drawing tubing of sizes rang 
a a oe ing from */, x 0.035 to 1.0 x 0.065, as determined by 
A oe Boeing Airplane Co., agree fairly well with those listed in 
Table II. Table III compares such tubing with X-4150 
yy; . (both conforming to the A.M.S. 6530 for seamless tubes 
: yt after normalizing, and after normalizing and tempering. 
400 NE-8630 tubing, when quenched and drawn, develops 
strengths equal to the X-4130, but when normalized the 
50 100-250 Q as50 100 sO yield strength is generally below that required by Specifi 
Distance fram Center of Weid, In. 


19 


— 


Welded March 25, 1940, showing Ai: Wex0035in Tubing | | 
Drawn, Conditions of Chromium- 60 act > Wel 4180 of 
velded cas also shown by both steels in the 8 | rT 
eq 
ch the _in. plate. % 80 | B; 1x0049-In Tubing | |S Arc-Welded X-4130) | 
by th Generally, however, the alternate xX 70 |_| | 
steel shows a_ Slightly lower yield | 
li may be only a reflection of the lower Arc- Welded NE 8630 Ces-Welded X-4180 
carbon contents in the heats of the for- 50 |” Gas-Welded NEBESOT 
mer with which this laboratory has had 80 | Tubing) ——+ 
experience. Nevertheless, the low 
vield strength should be considered in 2 7 ee Se. 
conjunc tion with de sign stresses when- 60 
ever substitution is contemplated. 
Pip However, by drawing the normalized 50 Weloed NE 8650 ———- tare Welded X-4180 - 
$634) tubing at 900° F., the yield strength | 
With may be raised without appreciably 0400 0300 Q200 0100 02050 0350 
ness lowering the ultimate strength. This Distance from Center, in. 
ngth is accompanie by chs in the type Fig. 4~--Hardness Surveys Over Heat-Affected Zones of Weld- 
ture of stress-strain Curve as shown 1n Fig. ing Tubing (Lockheed Aircraft Corp.). Measurements in 
th it 3. Comparative values are shown in 0.025-In. Steps 
- 
al Table IV — Tests on Welded Tubing (Materiel Center) 
| SIZE TREATED | STRENGTH | IN2IN. | FRACTURE 
1 x 0.036 | Are Low carbon Yes 5 168, 000 a es | Both sides of bead 
Gas Low carbon No | 113,000 | 6.5 | In base metal 
_ Gas Low carbon | Yes | 173,500 | 2.5 | In weld and base metal 
| Gas High tensile No | 111,000 1.5 | In base metal : 
Gas | High tensile | Yes | 192,500 2 | Diagonal, through base metal 
1 x 0.065 Are | Low carbon | No 113,000 | 6 | In base metal 
Arce | Low carbon | Yes 176,000 | 2.5 | Partin sound weld 
Are | High tensile | No 109,000 | 8 In base metal 
2, Are High tensile Yes 150,500 | 2 Through blowholes in weld 
Gas Low carbon No 113,500 8 | In base metal 
) Gas | Low carbon Yes 142,000 2.5 | In sound weld 
ft Gas High tensile No 107,000 6 | In base metal 
Gas High tensile Yes 193,000 2 In base metal 
xi 2x0.25 | Are | Heavily coated | re 91,700 ns In weld) A few medium 
| Are Reverse polarity | 99,500 In weld({ blowholes 
7 | Gas | Low carbon ire 81,300 | + In sound weld 
| Gas | High tensile In sound weld 
0) (X-4130), Are Heavily coated | 109,100 | In weld; afew medium blowholes 
(X-4130)| Gas | High tensile | 100,900 | | In sound weld 
ns 
Table V — As-Received Tubing, Welded With Carbon Rod by Boeing Airplane Co. 
NE8630 | X-4130 ine 
Size Tense EtonGa- | HARDNESS | Location TENSILE ELONGA- HARDNESS | LOocaTION 
y STRENGTH | TION Rock wet | or BREAK STRENGTH TION ROCKWELL | oF BREAK 
%x 0.035 | 119,800 5.5 | 95 | | 96,000 450 | 98 | % 
119.800 | 5.5 | | % | | 
? %x0.065 | 114400 | 65 | 99 | Ir | 102,900 | 6 | 100 | % 
98,000 45 | 100 | In weld | | 
Normalized | 119,000 8 1% 97,000 | = 
1x 0.065 | 113,000 6 101 1 108,500 7.5 98 & 
144,800 | 99 | % 
1 x 0.097 122,500 6 100 % 107,200 5 102 | 4 
120,000 65 | 101 | % | | 
1943 TESTS ON NE 8630 STEELS 303-: 
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Table III. This drawing operation seems to relieve in- 
ternal stresses and eliminate unstable microconstituents. 

Table IV shows some tensile strengths and elongations 
in 2 in. on butt welds made in seamless tubing, and a few 
comparisons with X-4130 in the larger size. Hardness 
surveys over the heat-treated zones in the welded 1 x 
0.065-in. tubing gave results very similar to those shown 
in Fig. 2 (B), and in the welded 2 x 0.25-in. tubing to the 
double pass welds in Fig. 2 (D). 

Table V includes comparative tensile tests and maxi- 
mum hardnesses on the Rockwell B scale, for butt- 
welded tubing, welded with carbon rod. 

Finally Fig. 4 gives some hardness surveys over the 
heat-affected zones as welded and tested by Lockheed 
Aircraft Corp. These hardnesses are on the same order 


as those shown in Fig. 2, when the hardne 
reduced to a common hardness scale. 
tion of hardness is as follows: 


SS Ordinate 
A rough Correly. 


Rockwell A-50 equals Vickers 160 


A-60 
A-70 405 
A-80 715 


To test the tendency of the specimens to crac afte 
welding, pieces of tubing were welded in the form of Re 
equilateral triangles with a smaller inscribed equilater., 
triangle of 8-in. pieces welded at the centers of the limbs 
of the triangles. The flux was removed by pickling and 
the welds examined visually and with magnaflyy ion 
cracking. No indications were found. 


Spherical Containers for Transporting 
Gas Under High Pressure 


Transportation of Helium Under 2000 Lb. Pressure in Multiple-Sphere 
Tank Cars—Results of Tests of a Large, Thick-Walled Spherical Pressure 
Vessel Designed and Constructed Especially for This Purpose 


HE idea of using spherical containers for the trans- 

portation of gas under high pressure was conceived 

by the A. O. Smith Corp., and a tank car, based 

on this idea, was developed for the U. S. Navy. This 

new type of car (Fig. 1) carries six spherical containers 

capable of transporting 210,000 cu. ft. of free helium at a 
pressure of 2000 psi. 

The spherical container has the inherent advantage of 


* From a report covering tests made for the A. O. Smith Corp., Milwaukee, 
Wis., September 6-10, 1929, by R. Furrer, T. McLean Jasper and H. H. Need- 
ham, respectively Chief Engineer, Director of Research and Sales Engineer of 
the corporation. 

Reprinted from Mechanical Engineering, Dec. 1929. 


EpitrorRiAL Note: Owing to the widespread interest in behavior of metals 
and welds under multidimensional stresses this article is reprinted so as to 
make it more widely available to the welding industry. 


being approximately 25% lighter than a cylindrical con. 
tainer of the same capacity. It also is much simpler in 
design and construction if made of two formed heads 
welded together. Inasmuch as this construction has not 
been provided for in the regulations of the A.R.A. and 
the I.C.C., it was necessary to obtain the approval oj 
these bodies before this type of car could be used. Ar- 
rangements were tnerefore made to conduct a series of 
tests on a specimen sphere in the presence of representa 
tives of the Tank Car Committee, the Bureau of Explo- 
sives and other interested parties. 

It was felt that these tests would not only demonstrate 
the safety of this method of construction, but would also 
supply actual data not before available on the design of 


Fig. 1—Multiple-Sphere Tank Car for Transporting Helium Under 2000-Lb. Pressure 


Capacity, 210,000 cu. ft. of free helium. Car designed and developed for the U. S. Navy, Bureau of Acro: 


nautics. 


304-s 


spher 


naturé 
walled 


Fig 
and | 
struct 
of two 
hemis] 
togethe 
was 2° 
thereto 
these 
the act 
75.25 1 
fore be 

It is 
wall at 
mum 
of the 
of the 


|| 
& 
, 
is 


oherical containers. So far as is known, tests of this 
Ste have never been conducted before on large, thick- 


COrrel- 
ie walled spherical vessels. 
Description of Sphere 

Figure 2 shows the general appearance of the sphere, 
ok after and Fig. 3 represents a cross section showing the con- 
18 in struction and giving dimensions. The sphere was made 
tilatera| of two plates 1'/: in. thick, each formed to the shape of a 
limbs hemisphere. These hemispheres were electrically welded 
Ing and together to form a sphere. The outside circumference 
lux for was 237.5 in. at the weld, and 237 in. at right angles 
thereto. The calculated average outside diameters of 
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these circles were 75.6 and 75.48 in., respectively, and 
the actual average measured diameters were 75.25 and 
75.25 in. The maximum inside diameter would there- 
fore be 72.25 in. 

It is of interest to note that the thickness of the vessel 
wall at its minimum section was 1.5 in. and at its maxi- 
mum section, 1.9 in., the increase in thickness over that 
of the original plate thickness being due to the forming 
of the hemispheres from flat plates. The vessel was 


Fig. 2—Showing General Appearance of Test Sphere 


Sphere mounted for destruction test, with Ames dials and expan- 
sion meter in position. 


very true to shape in every particular, and, although it 
weighed 8300 Ib., it could be rolled along easily on a flat 
surface. 

The material used in the construction of the sphere was 
purchased under the corporation's regular specifications 
for thick-walled pressure vessels. These cover a steel 
of 0.20-0.30% carbon content having a minimum ulti- 
mate strength of 55,000 psi. and a minimum yield point 
of one-half this value. 

a actual material as rolled gave the following test 
values: 


Ultimate strength..................... 


60,250 psi. 
31,700 psi. 


9907. 
Se 


After fabrication, the sphere was heated in an auto- 
matically controlled furnace to a temperature of 1200° F. 
and left to soak for 4 hr. at this temperature. This 


1943 


rim 


WELDED SPHERICAL TANKS 


Fig. 3—Drawing Showing Dimensions of Test Sphere as Built 
ote that apex of each hemisphere is somewhat thinner than the 


treatment in all probability, reduced the strength of the 
metal 2000 to 3000 psi. That the strength is reduced by 
such a treatment has been proved by many tests on 
thick plates placed with vessels being stress relieved at 
this temperature. 

Following the stress-relieving operation, the sphere was 

subjected to a hydrostatic test which involved: 

1. A repeated stress test, during which the pressure 
was varied a number of times between limits 
corresponding to a stress in the material of 45 
and 60% of its yield point. 

2. A hammer test with the sphere under a pressure 
producing a stress in the metal of 60% of its 
yield point. During this test the welded joint 
was hammered at 1-ft. intervals with full-swing 
blows of sledges having a weight equal to 10°% 
of the weight of 1 sq. ft. of the vessel wall. 

3. A high-pressure test of 1-hr. duration in which 
the sphere was under a pressure producing a 
stress in the metal equivalent to 75° of the 
yield point. 


Fig. 4—Sphere as Mounted for Vibration-Fatigue Test 
Four air hammers struck 20,000,000 blows while sphere was 
under 1250 psi. hydrostatic pressure. 
surface. 


Note peened area of the 
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The Vibration-Fatigue Test 


After completion of the foregoing tests, the sphere 
was subjected to the vibration-fatigue test, the purpose of 
which was to simulate the vibration which would be ex- 
perienced by the spherical containers in service on a tank 
car. This test, however, was much more severe on the 
metal than anything it would actually experience during 
years of transportation service. 

The sphere was put under a hydrostatic pressure of 
1250 psi., which stressed the metal to 50°) of its yield 
point. It was mounted on a turntable, revolving at the 
rate of '/s r.p.m. Four Thor S-2 air hammers were 
placed so as to strike the sphere at opposite points, and 
the hammering covered an area extending 13 in. each 
side of the welded joint. The air hammers were provided 
with bronze heads about 2 in. in diameter. The test was 
run for 75 consecutive hr., during which time 20,000,000 
blows were struck, each representing 4 to 5 ft.-Ib. of 
energy. About 60 hammer heads were rendered useless 
during the test. The effect of the hammering on the 
shell is clearly visible in Fig. 4. 

During the test the pressure gradually increased to 
14360 psi., corresponding to a stress of 54% of the yield 
point. This was probably due to increased temperature 
of the water from the energy transmitted by the air 
hammers. 


The Impact Test 


It was desired to reproduce as closely as possible a 
train wreck so as to study the performance of the sphere 
under such abuse. Therefore, following the vibration 
test, the water was emptied out of the sphere and re- 
placed with air at a pressure of 1200 psi., stressing the 
metal to 48% of its yield point. 

The sphere was then mounted on a flat car in a manner 
similar to the method designed for the proposed tank car 
and strapped down. Two heavy steel cylinders, each 
weighing 14,500 lb., were also mounted on the car, one 
immediately ahead of the sphere and one behind it. 
The car was then pushed off the end of a trestle while 
moving at the rate of about 20 m.p.h.—a sheer drop of 
some 25 ft.—-Fig. 5 shows it in mid-air just after being 
pushed off the trestle. It is to be noted that placing 
the sphere between two cylinders created a condition 
worse than if two other spheres were used, since there 
would be a tendency for the cylinders to stay with the 
sphere in falling down the slope, while spheres would 
have a tendency to deflect sideways. 

The rear cylinder rode the sphere down the slope for 
some distance after the two had been catapulted from 
the car. All three bounded through the hollow at the 
bottom of the slope, the sphere finally coming to rest 
113 ft. from the end of the trestle. It showed a num- 
ber of marks and abrasions where it had hit rocks or had 
been struck by the 2 cylinders. 

This test was not only spectacular but gave the sphere 
at least as severe punishment as would be experienced 
in a real train wreck. Following inspection by those 
present, the air pressure was relieved and the sphere re- 
trieved to be prepared for the test to destruction. 


The Destruction Test 


In filling the vessel with water for this test, extreme 
care was taken to eliminate all free air from the vessel and 
piping. A scale and tank were arranged so that water 
pumped into the sphere or discharged from the sphere 
could be accurately weighed. 
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Fig. 5—Test of Sphere Incorporating Train-Wreck Conditions 


Car in mid-air, having dropped both trucks; otherwise loa 
intact. 


Table 1—Ames Dial Readings at 2000 Psi. 


—Readings in Thousandths of an Inch 


D.al Be dove. Applying After Reducing 

No. Pressure At 2000 Psi. Pressure to Zero 
l 0 29.5 1.0 
4 0 21.2 3.5 
3 0 9.8 0.5 
4 0 10.0 —1.5 
Average 0 17.6 0.9" 


“ This value represents the 
under a pressure of 2000 psi. 

Note: Dials 1 and 3 were opposite each other and 90° from the 
weld. Dials 2 and 4 were opposite each other and located near th: 
weld. 


average permanent deformation 


Figure 2 shows the sphere arranged for the test. Thre 
of the Ames dial gages can be seen mounted on the posts 
and also the expansion indicator. 

In carrying out the.test the pressure in the vessel was 
first brought to 1250 psi. It was then lowered to 1000 
psi., again increased to 1250, lowered to 1000 and onc 
more increased to 1250 psi. This last value represents 
a stress of 14,500 psi. in the steel. At this pressure it 
was then hammered with 6-lb. sledges over the entir 
weld. 

The pressure was then reduced to zero and readings 
taken so that the weight of any water later pumped into 
the sphere or discharged from it could be determined 
Following this the pressure was raised to 2000 Ib., corre- 
sponding to a stress of 24,000 psi. It was found that 60 
Ib. of water had been forced into the sphere in reaching 
this pressure. 

After the pressure was relieved and the discharge water 
weighed, it was found that 58 lb. of water had been 


Table 2—Ames Dial iat at 2500 Psi. 


———— Readings in Thousandths of an Inch— 


Dial Before Applying After Reducing 
No. Pressure At 2500 Psi. Pressure to Zero 
1 0 116.0 86.0 
2 0 35.5 15.5 
3 0 6.5 —2.8 
4 


0 11.0 —3.0 


Average 0 
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Fig. 6—Assembly of Sphere from Fragments Resulting 
Destruction Test 


Note that fractures are perpendicular to weld 


ejected from the sphere during the pressure drop from 
2000 psi. to zero. This means that the sphere had 
slightly increased in size, equivalent to the volume of 2 
lb. of water. 

Readings were also taken on the Ames dial gages to 
provide a check on the permanent deformation of the 


sphere. These readings (see Table 1) also showed very 
little change. 
The pressure was now raised to 2500 psi. corre 


sponding to a stress of 30,200 psi. This is approximately 
the yield point of the material as received from the steel] 
mill. The gages indicated some yielding as shown in 
lable 2. 

The pressure was then gradually raised until a tempo- 
rary shutdown was necessitated by excessive leakage 
iround the screwed-in plug for a pipe connection, caused 
by expansion of the vessel wall. This leak made it im- 
possible to increase the pressure to the point of destruc- 
tion. 

During the shutdown, the maximum periphery of the 
sphere was measured to determine the expansion. The 
circumference was found to be 252 in. at right angles to 
the weld. This is equivalent to an outside mean diame- 
ter of 80.21 in. and an inside mean diameter of 77.21 in. 
The sphere had therefore increased about 5 in. in diame- 
ter. 

As soon as the leaky plug had been calked, a new chart 
was put in the recording pressure gage, and the pressure 
gradually raised to the point of failure. 

The sphere failed at an average pressure of 4466 psi. 
This figure is the average of readings on three calibrated 
pressure gages, which showed 4400, 4500 and 4500 psi., 
respectively. 

In no case did failure occur in or adjacent to the weld. 
The vessel burst into nine pieces, which scattered in vari- 


ous directions. 
from 14 to 53 ft. 
of the sphere is shown in Fig. 6. 


WELDED SPHERICAL TANKS 


The distances to the fragments ranged 
One view of the assembled fragments 


Calculations from Data Obtained 


For calculating the stresses in a sphere the correct 
formula to use in Lamé’s: namely, S = 0.5P(b* + 
2a*)/(b* — a*), in which S = stress, P = pressure, a = 
inside diameter, and b = outside diameter. 

The pressure at which yielding started was approxi 
mately 2500 psi. Using the above formula, the corre 
sponding stress is found to be 30,200 psi., which closely 
agrees with the yield point of the material. 

In the same manner it is found that the stress at which 
final failure occurred was 57,000 psi. This considers the 
increased diameter of the vessel at failure, but not the 
decreased thickness of the plate. The ultimate strength, 
as determined above, also agrees with that of the origi 
nal material when allowance is made for the reduction in 
strength due to the stress-relieving operation as explained 
earlier. 

The representatives of the Tank Car Committee, wit 
nessing the tests on the sphere, specified that at 2000-psi. 
pressure ‘“‘permanent volumetric expansion must not 
exceed 10% of total volumetric expansion at test pres 
sure’ (2000-lb. pressure corresponds to a stress of SO 
of the yield point). 

The total quantity of water absorbed in the vessel, 
due to a test pressure of 2000 psi., was 60 Ib. as stated 
earlier. The quantity remaining after pressure had been 
released was 2 Ib., also as stated. The permanent volu 
metric expansion was therefore 3'/2%. 

The expansion was also indicated by the change in 
diameter as obtained from the Ames dial gages placed on 
posts as shown in Fig. 2. The various readings taken 
are given in Table 1 and record deformation in thou 
sandths of an inch. 

These readings showed a very small permanent defor 
mation after the sphere had been subjected to a pressure 
of 2000 psi. The permanent deformation was only 
9 9.6 xX 100 = 5% of the total deformation while under 
pressure. 

The permanent deformation indicated by these read 
ings shows that at a pressure of 2500 psi. in the metal 
had entered the region of its yield point. 

In no case did failure occur in or adjacent to the weld. 
In nearly every instance the fracture was perpendicular 
to the weld (see Fig. 6). 

From the foregoing tests results it is concluded that a 
vessel of spherical shape conforms to the elastic theory 
as far as design is concerned. 

It is further concluded that it is possible to build ves- 
sels of this shape so that the full strength of the steel can 
be utilized. 

It was proved that the failure did not occur in the weld. 

Mathematically it is known that of all shapes a sphere 
requires the least material to envelop a given volume, 
and it is therefore the most logical shape of container 
for the economic transportation of gases 
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HE fact that the cutting of mild steel plates by 
the oxyacetylene process results in the distortion 

of the plates is generally recognized. Because of 
this fact, allowances are often made when plates are cut 
by this process, a method commonly called ‘‘flame cut- 
ting.’”’ However, these allowances have been either those 
arrived at through experience, by the trial-and-error 
method; or else they have been guesses, more or less 
shrewd. 

The desirability of being able to predetermine with 
some degree of mathematical exactness the amount of 
distortion that would result from the flame cutting of a 
plate in accordance with a blueprint design is obvious. 
This is particularly true at the present time because of 
the greatly increased use of this method of cutting plates 
in the steel fabricating industry, in general, and in ship- 
building, in particular. 

The writer became interested in this phase of the sub- 
ject while doing actual layout work in the shop at the 
University of Maine. Since rather extensive investiga- 
tion has failed to reveal any set rules or figures to which 
the layout man might resort, it seemed that an ex- 
pression involving the length and position of the cut or a 
table of observed data would be of great practical value 
to both designers and shopmen. 

Although the present investigation has as its primary 
object the derivation of a general mathematical expres- 
sion, or equation, by which the amount of distortion 
caused by flame cutting to a specified length in a specified 
position of a given mild steel plate can be predetermined, 
a theory as to the causes for this distortion has also been 
sought. This was done because such a theory has several 
extremely practical and timely applications that go be- 
yond the explanation of the distortion in plates caused by 
flame cutting. For example, the action of a plate during 
flame cutting is identical to that which takes place in 
the straightening of bent shafting by localized heating, 
or that which occurs in the hardening of tools of a certain 
shape, such as shear blades. While two of these pieces, a 
plate and shaft, are radically different in shape, appear- 
ance, etc., the thermal conditions and actions are the 
same. In the execution of a design for ship’s bulkheads, 
' stiffener ribs, etc., where distortion is a factor and, par- 
ticularly, where several cuts are made in one assembly, 
a study similar to this would be of real interest and im- 
portance. 

Although in this investigation data consisting of tables 
recording the amounts of distortion under various condi- 
tions were adequate for the derivation of the distortion 
equation, it was necessary to supplement these data in 
"i A thesis submitted in partial fulfillment of the requirements for the De- 
gree of Master of Science (in Mechanical Engineering), Division of Graduate 
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Investigation of the Lateral Distortion 
Produced in Mild Steel Plates 
by Oxyacetylene Cutting 
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determining the causes of distortion. As the work inci- 
dent to the investigation progressed, it became increas- 
ingly evident that the probable causes of the distortion 
were the internal stresses induced by unequal tempera- 
ture distribution, or in other words, by stresses beyond 
the yield point that were induced by sharp temperature 
gradients in the plate. To test the validity of this theory, 
several flame-cut plates were given an annealing, or 
stress-relieving, heat treatment. In addition, photomi- 
crographs were taken at and near the surface of cuts in 
order to determine what, if any, changes in the internal 
crystalline structure were the results of the cutting ac- 
tion. This last was done in order to determine whether 
such changes might not be the cause of the distortion. 

Primarily, the data used in this study concern the dis- 
tortion resulting from flame cutting that is both per- 
manent in nature and lateral in direction. The perma- 
nent, or residual, distortion is the permanent set remain- 
ing in a plate after it has cooled to room temperature. 
The lateral distortion is that present in the same plane 
as the surface of the plate, as shown in Fig. 1. Only the 
lateral distortion perpendicular to the line of cut was 
measured because the distortion parallel to the line of cut 
is essentially temporary in nature and inconsequential in 
amount. The distortion occurring in a vertical plane was 
not considered because plates have little practical value 
when warped in this manner. 


Procedure 


As a basis for the establishment of an equation for the 
measurement of the amount of the distortion, mild stee! 
plates were flame-cut in accordance with a standardized 
pattern and technique. The amounts of lateral distor- 
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tion, both temporary and permanent, were measured and 
recorded. In determining whether or not the permanent 
distortion resulted from internal stresses or structural 
change, flame-cut plates were annealed and photomicro- 
graphs taken at and near the cut surfaces. 


Material 
The plates were all of mild steel having the following 
analysis: 


Although both the problems of availability and ex- 
pediency influenced the size of the plates selected, the 
range in area and thickness of those used was such as to 
give significance to the data obtained. The plates were 
geometrically similar, that is, square, ranging in size of 
surface from 7 by 7 in. to 20 by 20 in. and from */s to '/s 
in. in thickness. 


Cutting Plan 


Since there are almost an infinite number of combina- 
tions of plate sizes, shapes and thickness, lengths and 
positions of cut, etc., an experimental arrangement was 
chosen that seemed to be of the most practical value, and 
no attempt was made to cover the entire field. This 
arrangement (Fig. 2) consists essentially of 16 points 
spaced over approximately one-half the area of the plate 
in such positions that a cut from the right-hand edge to 
any one of these points would be in a position similar to 
that required in cutting from a blueprint. 

The plates were cut in the as-rolled condition, perpen- 
dicular to the surface, perpendicular to the B dimension 
and parallel to the L dimension starting at the B, or 
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right-hand edge, and continuing to one of the 16 points 
as determined by the various percentages of L and }y. 
One cut only was made in each individual plate and no 
plate was cut through its entire length. Theoretically, 
16 cuts, one in each of 16 plates would have been suf- 
ficient to cover the set but from 4 to 25 plates were cut 
in each position in order to obtain a set of figures which 
could be averaged. The total number of plates cut was 
436. Only the near half of the plate was considered (ex- 
cept in the case of multiple cuts) for the same figures 
would have resulted regardless of which half had been 
used. No data were recorded on those plates in which 
any appreciable distortion appeared in the vertical plane. 

The cutting fell into three groups as follows: 

Single Cutting consisted of making one cut in a plate at 
a given position, that is, starting at some specified per- 
centage of b,; on the right-hand edge and cutting toward 
the left to a specified percentage of L (one of the num- 
bered points). The great majority of the work in this in- 
vestigation was done on the cuts in this group. 


Fig. 4—Photo of Extensometer Applied to a Plate 


Multiple Cutting consisted of making several parallel 
cuts in one plate all equally spaced and of the same 
length. These cuts were usually made with a space of | 
to 2 in. between them and in any one plate were from 2 
to 9 in number. A period of time was allowed for the 
plate to cool to room temperature after each cut. A 
series of 7 cuts is shown in Fig. 7. 

Successive Cutting consisted of building up a given 
length of cut by making several relatively short cuts all 
in the same line in one plate, each of these shorter cuts 
starting at the end point of the previous one. A period 
of time was allowed for the plate to cool to room tempera 
ture after each cut. These short cuts varied in number 
from 2 to 10. 


Method of Measurement 

The measurements were taken with a simple but ef- 
fective extensometer, made up from a dial indicator 
graduated in thousandths of an inch, mounted between 
parallel bars and connected as shown in Fig. 3. In the 
position shown the extensometer measures distortion 
perpendicular to the line of cut. Figure 4 is a photograph 
of the setup in which the plate has been tilted (for photo- 
graphic purposes) from the horizontal position in which 
it was cut to a nearly vertical one. For measuring the dis- 
tortion parallel to the line of cut, the arrangement was 
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clamped to the plate with the adjustable rod parallel to 
the line of cut. 

The temporary distortion was read on the indicator 
dial at the instant the cut reached the given point, the 
preheat flames and cutting oxygen being shut off simul- 
taneously at this point. The permanent distortion was 
read after the entire plate had cooled to room tempera- 
ture. 


Cutting Technique 


The actual cutting was done by Oxweld No. 4 
cutting tips mounted in the blowpipe of a cutting ma- 
chine. The entire machine ran on a straight line track 
above the angle-iron table which supported the plate, 
as Shown in Figs. 5 and 6. This cutting machine consists 
essentially of a triangular frame mounted on 3 swivel 
wheels and carrying a blowpipe and cutting tip. It is 
driven by a variable speed electric motor so that a range 
of cutting speeds may be obtained. For this work the 
swivel wheels were locked in a straight-line position and 
the machine guided by the track. There was complete 
freedom of motion for the plates, their only contact being 
with the supporting angle irons. 

The gas pressures and cutting speeds used were those 
recommended by the manufacturer: for acetylene | psi.; 


Fig. 5—-Photo of Entire Cutting Table, Machine, Plate and 


Extensometer 


for oxygen 20 psi.; for */s-in. plates, 20 in. per minute; 
for */;¢ in., 19 in. per minute; and for '/, in., 18 in. per 
minute. The tip was cleaned frequently with a No. 60 
drill and the cut showed practically straight drag lines 
with no underhanging slag. 


Annealing 


In establishing a theory as to the cause of the per- 
manent distortion it was believed necessary to anneal 
several plates to see if there were internal stresses to be 
relieved. 

In this respect the structure of several plates was ex- 
amined microscopically, before and after both cutting 
and annealing. The annealing was carried out in a gas- 
fired furnace of the semi-muffle type. The temperature 
used in all cases was 1725° F., and was maintained for 
one-half hour, following the rule of one hour at tempera- 
ture for each inch of cross-sectional thickness. These 
plates were punch marked on the right-hand edge in 
order that measurements might be taken prior to and 
after the annealing. These measurements were used in 
determining the amount of recovery in the distortion. 
The plates were either */s or '/2 in. in thickness and 7'/» 
n. square, the largest size that the furnace door would 
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Fig. 6—Detail Photo of Extensometer, Plate and Cutting Tip 


admit. Even though all the annealed plates were rel, 
tively small, the writer feels that the effect would hay 
been the same, regardless of the size of plate. 


Metallography 


Specimens were removed from various positions in thy 
flame-cut plates for microscopic study of the interna! 
structure and for the taking of photomicrographs, as in- 
dicated in Fig. 8, Specimen No. 16. These were prepared 
in the usual manner, by grinding, polishing and etching 
A very weak suspension of levigated alumina in water 
was used to produce the final high polish necessary. Th« 
etching was done by means of Nital, a dilute solution oj 
nitric acid in ethyl alcohol. A Bausch and Lomb metallo 
scope provided the means of visual examination and for 
making a photographic record of the specimens. East 
man products, including Wrattan Metallographic Plates 
were used in making all the negatives and prints in the 
article. 

Discussion of Results.-A comprehensive view of the 
results of the primary object of this investigation may 
readily be gained by studying Figs. 9, 10, 11 and 12. 

Figure 9, gives the values for both the temporary dis 
tortion (D,) and the permanent distortion (D,,) as found 
from the single cutting operations. 
given the value of the constant m and the number of th 
point (Fig. 2) at which these values are applicable. 

The amount of both the temporary and permanent 


Fig. 7—Photo of a Multiple Cut Plate 
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manent distortion depends primarily on the accuracy of 

the layout work. From a study of this investigation, 

in general, and of the curves, in particular, it seems that, 

ca ee | lor general purposes, the distortion may be neglected, 

ree, ee - ; provided that the position of the cut does not lie beyond 
> 4 either 50°, L or 25% dy. 


Mathematical Expression 


| himn Saw Curs The expression used in predetermining the amount of 
| permanent distortion takes the form of a parabolic equa 


Figvee 8 tion with certain modifications, as shown below 
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+ 0.010 


L? + b,? 
n 


» = permanent distortion 
distortion shown in Fig. 9 was obtained by averaging 
arithmetically the indicator readings for at least 10 in- ot of B 
dividual single cuts. Wherever the result of one single 


cut seemed unreasonable, it was noted but not used in m = a constant (see Fig. 9) 
the averaging. However, if these so-called unreasonable 
results occurred three or more times, they were then used - Jin me 152 by -Prane 
in averaging for the final result. 
Figure 10 and 11 are simply plots of the permanent 
distortion against the surface dimensions of a plate, g ra | 
while Fig. 12 is a drawing of the surface created by com- 4 25%, 
bining Figs. 10 and 11. O% awe 
While no study was made of the time involved, it was 2 ,, Segeaenn 
noticed that, in general, the rate of distortion increase &é CF 
became greater as the end of the cut was approached. ve ie 
This rate reached its maximum at the maximum values | 
of L, while the variations of b, seemed to have little ef- 2s 50 Me ad 
fect on it. Also, the rate of distortion decrease was ex- & = (meer 
tremely rapid immediately after the end point of the cut Fiouee 10 Curves. Dp vsl. 


had been reached. The rate of decrease quickly became 
less in the next short interval of time, two or three min- 
utes. It also appeared that the treatment and handling 
of the plates previous to the cutting have a very direct 
bearing on the type and amount of distortion. Bent or 
warped plates would almost invariably distort in the 
vertical plane in an amount proportional to the previous 
bending. 

The temporary distortion appears to be a function of 
the heat absorbed by the plate from the preheat flames, 
and it also depends to a rather large degree on the length 
and position of the cut. This fact was made evident by 
the observation that the temporary distortion started to 
decrease almost instantly after these flames had been ovee // Curves 
extinguished at the end of the cut. The problem of 
finding the relation between the amount of heat absorbed 
and the amount of distortion produced was considered 
to be of such magnitude that an attempt to solve it here 
would be impractical. 

The useful value of the figures for the amount of per- 
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These modifications consist mainly of the constants and 
the fact that there are two quantities on the right-hand 
side to be considered (L and 6) instead of the usual one 
quantity. A little difficulty was experienced in fitting 
the equation to the curves, but it was finally observed 
that the sum of the squares of the two terms (L and /,) 
divided by some constant would yield approximate val 


Le Feacanrace or LEnsrn ues. However, these values, as computed for the major 
90 75 50 25 ity of the 16 points, were too low when compared with 
Dy 132 Dy-021 the average values as taken from the data. lherefore, a 
M +40 | Dp*024 40 Dp: O16 4020/0 second constant (0.010 in.) was introduced in order to 
PrNed Pr bring about better agreement between the measured and 
PrNo.7 Dy+ 094 \PrNa€ jPrNo5 Dr-020 values. The actual numerical value given to 
$1 | ape computed va ues. e actual € ‘ 4 
OES Ry Gna m was determined by the trial-and-error method. In 
Dp*!90 Dy*13/ |PrNo9 Dy:033 this expression it will be noted that only the surface 
25 Dp O52 40 dimensions, L and 6; (both expressed as decimals) are 
i employed, for apparently the thickness of the plate had 
(Pr No z I ’ » : 
my little or no effect on the amount of distortion. It is ob 
i* 25 Dp*O66 068 | Dp: 042 +40 an 
vious that the range of thickness used in the investiga- 


tion was rather small, but due to conditions beyond the 
writer's control it was impossible to obtain plates of 
Freuree 9 TABLE oF RESULTS other thicknesses. 
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It will also be noticed that none of the plates tested 
exceeded 20 by 20 in. in size of surface. The writer be- 
lieves that the distortion expression, as it stands, may be 
applied to plates not larger than 36 by 36 in.; but that 
its application to those of greater size is rather doubtful, 
in the absence of further testing. If an opportunity to 
work with these larger plates could be provided, an in- 
vestigation similar to this would readily show whether or 
not the expression was applicable. If it did not apply, 
there is little doubt but what a suitable constant could 
be derived to fit these new conditions, for the probabili- 
tiles are strong that the form of the expression would be 
the same for any size of plate. 

In the use of the equation for computation purposes, it 
must be remembered that it is an approximation in which 
variations up to 15°] may occur. Although the expres- 
sion fits the observed data very well, it will be noticed 
that the constant must be changed to take care of the 
extreme conditions encountered when using large values 
of L and 5. For, or near, these large values, Points No. 
11, 12, 14, 15 and 16, m equals 25; and for the remainder 

the plate, Points Nos. | through 10 and Point No. 13, 
m equais 40. 


In applying the method developed for the predeter- 
mination of the amount of distortion, a typical case of a 
single cut to be made in a given plate as specified below 
will be used: a blueprint calls for a cut 6 in. long in a 
plate 12 by 12 by */s in.; this cut to be 4'/2 in. from one 
side and parallel to it. Upon recourse to Fig. 2 it is 
found that this cut lies in the position 25% b; and 50% 
L. Figure 9 locates this position as that of Point No. 6 
and gives the amount of permanent distortion as equal 
to 0.017 in. 

The complementary method of determining the same 
value, the substitution of the given conditions in the 
equation, yields the following: 


m 
0.5? + 0.25? 
D, = — + 0.010 
D, = 0.0078 + 0.010 


D, = 0.0178 in. 


The agreement here is considered to be more than suf- 
ficiently accurate for practical purposes. 

In case the required cut does not lie exactly in any of 
the positions given in Fig. 2, the amount of distortion 
can be computed by interpolation from Fig. 9, which 
would result in but very slight additional error. 


Multiple Cuts 


In making a typical multiple cut test, a plate 12 by 12 
by */sin. was chosen. The first cut was made in the cen- 
ter, position 0% b,; and 90% L. Then other cuts were 
made alternately on each side of the first until a total of 
9 was obtained. These cuts were all parallel to the first 
one, of the same length, and spaced 1 in. apart. The 
plate was allowed to cool to room temperature between 
each cut. The permanent distortion after the ninth cut 
was found to be essentially the same as that after the 
first. It was also found that, if the two outside cuts were 
made first, any further cutting between them would add 
absolutely nothing to the permanent distortion. This is 
explained by the fact that the total kerf width produced 
by the first two cuts is greater than the total permanent 
distortion produced by the subsequent cuts nearer the 
center of the plate. The clearance provided by this kerf 
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absorbed the distortion produced by any cuts fi lowing 
the second. 


Successive Cuts 


In successive cutting, it was found that, provided the 
total length of cut was made up of not more than three 
shorter cuts, the permanent distortion after the third cut 
was essentially the same as that produced by cutting the 
total length in one continuous operation. If, however, 
these shorter cuts exceeded three in number, the distor- 
tion rose in amount; and with a cut made up of five or six 
short ones, it was from 1'/, to 2 times as great as it would 
have been if the total length had been cut in one opera- 
tion. 


Curves 


In order to obtain a general view of the manner in 
which the amount of permanent distortion varied with 
the length and position of the cut, curves of the distor- 
tion vs. L and 6; were drawn. These curves, taken from 
the data, are shown in Fig. 10 (D, vs. L) and Fig. 11 
(D, vs. b;). Figure 12, which is not drawn to scale, shows 
the surface created by combining Figs. 10 and 11 in their 
proper relative position. 

It was predicted at the start of the investigation that 
the amount of permanent distortion would be small for 
small values of L and for values of b; up to 50% and that 
the distortion would be large for large values of L and 
approximately 60 to 90% b;. The results show that the 
greatest amount of distortion occurs at 75% L and 75% bh, 
while the prediction gave the point as 90% L and 75% 
b,. The observed point of least distortion coincided ex- 
actly with that predicted, 25% L and 25% hy. 

The curves of distortion vs. length show that the rate 
of increase is fairly uniform from 0 to 50°) L; but from 
50% to approximately 80% L, there is a steep rise. 
Then from 80 to 90% L there is a tendency to level off. 
This leveling-off tendency is quite pronounced for the 
curve in the plane of 75% b;. The actual proportionate 
increase in distortion in the B plane (curves of distortion 
vs. 5) is less than that in the L plane, although the curves 
do not vary widely among themselves. In the L plane 
this rate of increase is slightly over 3, while in the B plane 
it is considerably less than 3. However, from point to 
point, the rate of increase in distortion in the B plane 1s 
more uniform than that in the Z plane. This rate of dis- 
tortion increase, which is a rate referred to the value ol 
L, should, under no circumstance, be confused with the 
time rate of increase in distortion previously discussed. 


Cause 


All evidence seems to indicate that the cause of this 
distortive action is the unequal temperature distribution 
in the plate and the stresses induced by this distribution. 
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Consider the temperatures along a line perpendicular 
to the line of cut at any mstant during the cutting action. 
\t the cut surface and for an extremely short distance 
helow it, the temperature will be near or slightly above 
the critical temperature for this particular steel. This is 
proved by the appearance of a zone of grain refinement. 
Next follows a much wider band whose temperatures 
ranges from 800 to 300° F., approximately. Finally, 
there is the remainder of the plate whose temperature is 
below 300° F. 

These temperatures are as given because of the 
strength-temperature relations for this steel. Below 
a)° F. the steel has practically full strength. Between 
9) and 800° F. the strength decreases uniformly with an 
increase in temperature and in a small amount, until it 
reaches a value of about 75% full strength at 800° F. 
Above 800° F. the decrease in strength becomes rather 
sharp and at 1400° F. the steel has only about 15% full 
strength. Full strength in each of the above cases is 
taken as the stress at the yield point. For each 150° F. 
that this steel is heated, it will expand 0.001 in. per inch; 
and this 0.001 in. per inch represents a stress of approxi- 
mately 30,000 psi, or the yield point of the steel.* 

From these figures, it can be seen that the band of 
metal whose temperature lies between 800 and 300° F. 
will retain the great majority of its strength and will ex- 


* From undated anonymous data sheet on strength-temperature relations 
for mild steel, published by the Naval Research Bureau, Washington, D. C. 


Fig. 13-—Structure of Original Stock, 200 x 


Fig. 15—Structure of Annealed Stock, 200 x 
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ert a tremendous force against the resistance of the 
colder metal. 

In addition to the structural changes taking place in a 
steel at temperatures above its critical, the localized heat- 
ing and cooling of a steel produces (as long as the melting 
temperature is not reached) the following results in the 
same order as listed: 


1. Volume increase. 

2. Upsetting. 

4. Volume decrease. 

Upsetting, however, occurs in steel at temperatures in 
excess of 1200° F., and in this case affects only an ex- 
tremely narrow band adjacent to the cut edge. This 
band, therefore, has little or no effect on the plate as a 
whole. 

The conclusions below were reached upon applica- 
tion of the above statements to the situation in question. 

As the plate absorbs heat from the preheat flames and 
from the reaction between the iron and cutting oxygen, 
the previously described temperature gradient is set up. 
A thin band of metal along the cut edge expands very 
rapidly due to the rapid rate of heat input until its 
strength becomes materially reduced because of its in- 
creased temperature (over 800° F.). The metal is caused 
to upset upon itself by the still rising temperature. The 
wider band of metal whose temperature ranges from S800 
to 300° F. also expands but does not upset because its 


Fig. 14—Structure of Original Stock, 525 


Fig. 16—Structure at Cut Surface, 200 
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Fig. 19—-Structure at 0.016 In. Below Cut Surface, 525 x Fig. 20—Structure at 0.024 In. Below Cut Surface, 525 » 


temperature does not rise high enough for its strength to 
become seriously impaired. 

These two bands, with the effect of the wider one 
greatly predominating, exert a tremendous force on the 
cold remainder of the plate, tending to bend the whole 
cut section away from the cut (see Fig. 1). This force 
is sufficient to induce a stress in the cold section greater 
than either its proportional limit or its yield strength, 
thereby permanently distorting it. This distortion be- 
comes permanent upon cooling because the expansive 
force of the hot bands of the plate is decreasing and is not 
of sufficient magnitude to pull the plate back into its 


In the hardening of long narrow plates such as shear 
blades, the thermal situation is almost identical to that 
in the flame-cut plates. When the shear blade is 
quenched, a temperature gradient is set up across it from 
the hot edge to the cold one. This temperature gradient 
and the resulting stresses cause the blade to bend in the 
same direction as the flame-cut plate. Also, in this case, 
some permanent deformation is induced which brings 
the two cases even closer together. 


Annealing 


pA 


original position. 

Below the yield strength, this action may be favorably 
compared with that of the bimetallic member of a ther- 
mostatic unit. In both cases, the situation is quite simi- 
lar; the hot and cold bands in the plate correspond to the 
two dissimilar metals in the member. The two metals 
are joined usually by “sweating’’ together throughout 
their entire length. In the plate, the two bands of dif- 
ferent temperatures are joined, for the bands exist in the 
same plate at the same time and are fastened at one end, 
since none of the cuts extend for the entire length of the 
plate. Upon application of heat, the member is caused 
to bend since one metal in the bimetallic strip expands 
more than the other. This same action is observed during 
flame cutting. However, since the strip always returns 
to its original position with no appreciable permanent 
deformation, it is obvious that the action does not proceed 
to the extent that it does in the plate. 


The results of the annealing tests were very satis 
factory. In all cases at least 75% of the permanent dis 
tortion was removed, and in one case this percentage 
was 100. For example: the distance between punch 
marks on a plate in its original position was 6.967 1 
After cutting, this distance was 7.000 in., a distortion o/ 
0.033 in. After annealing, the distance was 6.970 in., 
which represents a recovery due to the annealing of 
0.030 in. of a total of 0.033 in. of permanent distortion 
or 91%. 


Photomicrographs 


The 12 photomicrographs (Figs. 13 through 24) which 
were taken in order to determine the amount and depth 
of change in the crystalline structure of the plates, are 
divided into two groups. One of these groups was take! 
at 200 magnifications for general purposes, and _ thie 
other was taken at 525 magnifications in order to study 
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. Fig. 17—Structure at Cut Surface, 525 « Fig. 18—Structure at 0.008 In. Below Cut Surface, 525 , 
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the variations in structure and grain size. They are 
resented in the order shown for comparative purposes. 

The structure of a typical plate is shown in Fig. 13. 
It is the usual ferrite-pearlite complex found in steels of 
moderate carbon content. The grain size is fine, corre- 
sponding to the American Society for Testing Materials 
No. 6. This grain size is given for comparative purposes 
only, for it must be remembered that the McQuaid-Ehn 
test* was not performed on any of the specimens and that 
the magnification is 200 X, instead of 100 X. Figure 
i4is from the same specimen, magnified 525 x. 

The structure of an annealed plate is shown in Fig. 15, 
at 200 X. This photomicrograph was taken near a cut 
surface, but close examination failed to reveal any change 
in structure over the entire surface of the specimen, and 
it may be quite safely assumed that there was none 
throughout the plate. The grain size here is, perhaps a 
trifle coarse, between A.S.T.M. Nos. 4 and 5, indicating 
that the annealing temperature was somewhat in excess 
of the critical temperature for this steel. However, the 
chief intention was to anneal the plate thoroughly, thereby 
removing all stresses remaining after the cutting opera- 
tion; and any change (growth) in grain size was con- 
sidered to be quite incidental 

Figure 16, at 200 X, and Fig. 17, at 525 & illustrate 
the surface of the cut. Great care was taken in preparing 
the specimen from which these photomicrographs were 
made. Very little metal was ground off the surface (not 


* For a brief description of this test, see Mark's Handbook, Fourth edition, p. 
563. 


Fig. 21—Structure at '/; In. Below Cut Surface, 525 « 


Fig. 23—Structure at '/, In. Below Cut Surface, 200 x 
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more than 0.0003 in.) so that the structure would be 
representative of that at the actual surface itself. It is 
not as definite a structure as any of those preceding but is 
classed as sorbitic with a carbon content of about 0.50%. 
The difference between the carbon content here at the 
cut surface and that of the remainder of the plate is due 
to the carburizing action of the acetylene flames, but the 
actual mechanism of the increase is debatable. The 
theories relating to this action are numerous and con- 
flicting, and the writer does not feel qualified to make a 
decision here. 

As a check on this structure, an adjacent specimen was 
prepared and etched with sodium picrate. This test did 
not show any free cementite, a fact which indicates that 
the carbon content was less than the eutectoid. The 
fact that higher magnifications (1000 *) did not show 
the pearlite to be truly lamellar indicates that the carbon 
content was still lower and probably in the vicinity of 
0.50%. 

The series of prints, Fig. 17 through 22, all at 525 x, 
were taken in order to indicate the depth of the heat- 
affected zone and to show the structures at various 
depths, the depth being considered as the distance per 
pendicular to the line of cut and parallel to the plate 
surface. 

Figure 18, taken 0.008 in. below the cut surface, shows 
a structure with a smaller grain size than that in Fig. 17, 
indicating a lower temperature, which was only to be 
expected. This reduced grain size is a result of two 
things: 


Fig. 22—Structure at 2 In. Below Cut Surface, 525 « 


Fig. 24—-Structure at 2 In. Below Cut Surface, 200 x 
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1. The fact that this particular structure is slightly 
further removed from the heating and carburizing effects 
of the preheat flames than was the cut itself would tend 
to create smaller grains. 

2. The fact that this particular structure is nearer 
the cold section of the plate, which produces a quicker 
and more definite quenching action, also, tends to hold 
down the grain size. 


A somewhat finer and more broken-up structure, still 
classed as sorbitic, is exhibited in Fig. 19, taken 0.016 in. 
below the cut surface. 

Figure 20, at 0.024 in. below the cut surface, shows the 
typical structure of a hot-rolled plate. The appearance of 
this structure indicates that it is outside the heat-af- 
fected zone and that it has received no heating nor 
quenching action sufficient to alter the grain size. 

The last four prints bring out the fact that the tem- 
perature gradient along a line perpendicular to the line of 
cut is extremely steep, and that, in general, the depth 
of the heat-affected zone is comparatively smali. The 
difference in appearance of the structures in Figs. 19 and 
20 indicates that the slope of the temperature gradient 
was changing very rapidly between these two levels. 

Figure 21 and 22, taken at '/s and 2 in., respectively, 
below the cut surface, show practically normal structure 
for hot-rolled plates. Along with Fig. 20, they may be 
favorably compared with Fig. 14, which was also made 
from the original stock, at 525 X. 

Figures 23 and 24 were made at the same respective 
points as Figs. 21 and 22, but the magnification was re- 
duced to 200 X so that they might be compared with Fig. 
13, which was made from the original stock, at 200 X. 

The other variations which may be observed among 
these prints and particularly in the comparisons which 
have just been drawn are, from both the photographers’ 
and the steelmens’ viewpoint, generally considered to be 
in the class of those allowable in ordinary commercial 
products. 

In regard to the structural changes resulting from flame 
cutting, it may be said that they have little or no effect 
on the amount of permanent distortion. The principal 
change in structure is the formation of a zone of grain 
refinement along the flame-cut edge. The depth of the 
heat-affected zone varies from 0.004 to 0.350 in. and this 
depth decreases as the carbon content decreases from 
the eutectoid.* Since the carbon content of the steel 
used here was comparatively low, this steel would be 
placed in the low end of the range of depth of the heat- 
affected zone. The series of Figs. 19 through 22, in- 
clusive, show this depth to be less than 0.024 in. This 
last value is in very good agreement with that of 0.026 
in. as computed from the International Acetylene Asso- 
ciation formula :t 


d = 0.025 + 0.031 
where 


d = depth of heat-affected zone in inches 
t = thickness of plate in inches 


* Cady, James R., ‘‘The Metallurgical Effects of Oxygen Cutting on Steel,”’ 
Tue WELDING JouRNAL, 19, Research Suppl., 355-s September 1940. 
t International Acetylene Association Bulletin No. 1 (1941-42), p. 18. 


Conclusions 


The following conclusions may be drawn from this in- 
vestigation: 

1. The permanent distortion perpendicular to th, 
line of cut is a function of both L and }; and may be ex. 
pressed as follows: 


m 


Pp 


+ 0.010 


D, = permanent distortion 
L = length of cut, % of L 
b, = position of cut, % of B 
m = aconstant (see Fig. 9) 


2. The permanent distortion is caused by stresses 
above the yield point of the steel which were induced by 
the unequal temperature distribution. This fact is borne 
out by the results of the annealing and of the microscopic 
study of the internal structure. 


Annealing subsequent to cutting removed from 75 
to 100% of the permanent distortion by stress reliey- 
ing the plates; proving thereby that the distortion was 
caused by internal stresses above the yield point. 

Photomicrographs produced positive evidence that 
the depth of the heat-affected zone along that edge of 
the cut was so small that it was not a factor affecting 
the permanent distortion. 


3. Multiple Cuts: The distortion produced by a 
single cut is not increased by making additional cuts, 
parallel to the first one and of the same length, in the 
same plate. 

4. Successive Cuts: The distortion resulting from 
successive cuts totaling a given length is not greater than 
the amount of distortion resulting from a single continu- 
ous cut of the same length, provided that the number of 
individual successive cuts is three or less. 

5. The distortion parallel to the line of cut reached a 
temporary maximum value nearly equal to that perpen- 
dicular to the line of cut, but the permanent or residual 
distor‘ion was in all cases negligible. 
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The Effect of Speed of Loading Upon 
the Ductility of Steel Structural 
Members 


By Wilbur M. Wilson* 


HE author recently discussed the effect of the 

geometrical characteristics of a structural mem- 

ber upon its shock-absorbing capacity.f This 
liscussion was based upon the assumption that the 
stress-strain relation for structural steels is not greatly 
affected by the speed of loading. Many engineers 
believe that the magnitude of the strain that accom- 
panies fracture decreases with an increase in the velocity 
with which the material is strained. Mr. Edward God 
frevt states, ‘‘When structural steel breaks in service, it 
almost invariably shows a crystalline fracture. Sud- 
denly applied stress on any steel, or even on wrought 
iron, will cause it to break off sharp and with a crystalline 
fracture. It requires time and the gradual increasing 
of the load to cause steel to draw out as it does in a 
testing machine.’’ Many engineers hold the same or 
similar ideas. 

In general, engineers recognize the value of a shock 
absorbing capacity in a member, but they are not willing 
to add material to the structure merely to provide 
safety against unpredictable shock; nor would this seem 
to be necessary. The proper solution of the problem, 
would seem to be: 


|. Design the structure so that all loads and forces 
that are expected to come upon the structure, and which 
can be evaluated, will be resisted at stresses well below 
the yield point of the material (this is designing for 
strength). 

2. Use a material which, in providing the required 
strength, will also provide the greatest possible shock- 
absorbing capacity. Then, even though the magnitude 
of some unpredictable accidental shock cannot be 
anticipated, provision will have been made to guard 
against the destructive effect of the shock, and with the 
greatest economy. 

The adequacy of the above philosophy of design de- 
pends upon whether or not the properties of structural 
members under dynamic loads are similar to what they 
are under static loads. It does not hold if shock results 
in a brittle failure of a statically ductile material. 

There have been numerous tests made on various 
metals under high-speed tension loading but the in- 
vestigators have not been able to agree upon the effect 
of the velocity of strain upon the stress-strain relation. 
They do agree, however, that, for small specimens of 
constant cross section, the elongation is not appreciably 
affected by the speed of loading at speeds generally en- 
countered in engineering structures. If it can be estab- 
lished that a similar statement can be made relative to 


. Research Professor of Structural Engineering, University of Illinois 

t Wilson, W. M., ‘Physical Properties That Affect the Behavior of Struc 
tural Members,” Proc. A.S.C.E., 68 (10) 1715, 1942. 

+ Godfrey, E., Engineering Failures and Their Lessons, 136 


specimens with the geometrical characteristics of struc 
tural members, and if it can be established that the 
strength of these latter members is not greatly reduced 
by the speed of loading, then the statement that, ‘“The 
shock-absorbing capacity of a structural member de- 
pends as much upon the geometrical characteristics of 
the member as upon the physical properties of the 
material,’’ would seem to have been established. 

These considerations indicated the need of high-speed 
tension tests of specimens with the geometrical char 
acteristics of structural members, the primary objective 
of the tests being to determine the elongation of such 
members when subjected to dynamic loading and a 
secondary objective being to obtain, not necessarily 
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Fig. |—Type A, Used for High-Speed and Static Tests of 
All Steels 
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Fig. 2—Type D, Used for High-Speed and Static Tests of 
All Steels 


an accurate measure, but some idea of the relative 
strength of these members when subjected to static and 
dynamic loading. Accordingly the author arranged for 
two series of tests to determine the effect of speed of 
loading upon the ductility of structural members. The 
first of the series of tests was made by Jeppesen* and 
the second was made by Zaborowski.t The results of 
these two series of tests are presented in this article. 


Tests by Jeppesen 


Plates Without Joints 


Mr. Jeppesen determined the elongation of carbon 
and low-alloy structural steels when broken in tension 


* Jeppesen, Gordon Lutz, “‘Effect of Speed of Loading Upon the Ductility 
of Structural Steel,”” 1938. Thesis submitted in partial fulfillment of the re- 
quirements for the degree of Master of Science in Civil Engineering in the 
Graduate School of the University of Illinois and written under the direction 
of the author. 

t+ Zaborowski, Robert, ‘‘Drop Tests of Structural-Steel Tension Members,”’ 
1940. Thesis submitted in partial fulfillment of the requirements for the 
degree of Master of Science in Civil Engineering, in the Graduate School of 
the University of Illinois and written under the direction of the author. 


Table 1—Chemical Composition and Physical Properties of Steel 


Chemical Analysis 


Steel Cc Mn Si Mo P Ss 

B 0.29 1.30 0.22 
a> 0.25 1.93 0.16 = 0.03 0.023 
M* 0.26 0.92 0.13 0.29 0.018 0.026 
Nt 0.26 0.92 0.13 0.29 0.018 0.026 
O* 0.25 0.86 0.20 0.30 0.019 0.021 
Pt 0.25 0.86 0.20 0.30 0.019 0.021 


* As-rolled. 
t Stress relieved at 1100° F. 


t By drop of beam at nominal pulling speed of 0.05 in. per min. 
reported. 
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by a falling weight that impinged on a nut at the |oy,. 
end of a steel rod attached to the lower end of thy 
specimen. Two types of specimens were used Whict 
were continuous steel plates without joints and wy; 

had a constant section over the mid-length. Type 3 
shown in Fig. 1, had a rectangular section 0.20 x (75 ;, 
over a length of 4'/2 in.; Type D, Fig. 2, had a » 
tangular section 0.05 x 3.0 in. over a length of 4 ;, 
These specimens were made up from steels having thy 
chemical composition and physical properties shoy. 
in Table 1. Three kinds of parallel tests were mace ; 
duplicate on each type of specimen of each of sever, 
kinds of steel. These tests were: (1) static tests: (9 
drop tests with a drop of 2 ft.; and (3) drop tests with, 
drop of 10 ft. The velocity of a free fall is 25.4 ft. ».- 
sec. for a 10-ft. drop and 11.3 ft. per sec. for a 2-ft. dro; 

It should be noted, however, that considerable ener, 

is absorbed by the testing apparatus and the specime; 
so that the velocity at rupture is somewhat less than t}, 
values given. However, the fact that a 2-ft. dr yp broki 
the specimens is an indication that the velocity from th, 
10-ft. drop was not greatly reduced during the proces 
of rupturing the specimen. 

The elongation was measured on gage lines located as 
shown in Figs. 1 and 2. The reduction of area and th 
per cent elongation were computed from measurement: 
taken before and after the tests. The elongation wa 
measured on a 4-in. gage length for both the stati: 
the drop-test specimens of Types A and D. 

The reduction of area, as determined by the thre 
kinds of tests* on the two types of specimens, ft is show 
by the diagrams of Fig. 3. These diagrams are ar 
ranged in groups according to the kind of steel, Grow 
B being for a manganese steel furnished by the Beth 
hem Steel Co., Group N being for a molybdenum ste 
which had been annealed, etc., as indicated at th 
bottom of the figure. There are three series of diagrams 
for each group, each series consisting of either one, tv 
or three vertical strips. The series to the left of eac! 
group of three represents the results of static tests 
drop), the middle series represents the results of th 
drop tests with a 2-ft. drop, and the series to the righ! 
represents the results of drop tests with a 10-ft. dro 
These series are designated by the figures 0, 2 and || 
respectively, just beneath the vertical strips. Tl 
character of the vertical strips indicates the type 0! 
specimen, as follows: the solid, vertical strip is fi 
Type A specimens; the open, vertical strip is for Tyy 
D specimens; and the cross-hatched vertical strip \ 
for the standard control specimens. 

The diagrams of Fig. 3 show that the reduction of ar 
was at least as great for the drop test with a 10-ft. dro 
as it was for the static test or for the drop with a 2! 


* Static, 2-ft. drop and 10-ft. drop 
+t Type A and Type D static tests were also made on standard tension cor 
tro) specimens but the results have not been discussed in this paper 


Physical Properties 
Strength, Psi Elongation Reducti J 
Cu Yield Pointt Ultimate in 8In., % _ of Area, 
117,950 8.0 33.2 


101,750 18.3 46.0 
96,075 14.3 43.0 
74,875 88,200 21.8 47.9 
0.55 89,640 10S 
0.55 70,750 89,060 16.5 38.5 


There was no drop of beam for steels for which the yield point 1s 1' 
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transmitted through the specimen 


N pressed a steel disk against a hard- 
< KEY ened steel ball. The ball-and-disk 
> a=) | assembly was calibrated in a static 
- eo testing machine in order to get the 
relation between a static load and 
Simones * ° the diameter of the ball imprint 
‘ j | which it produced. A separate 
Q , A disk was used for each drop test 
40 if and the diameter of the ball im- 
| an 4 print was measured after the drop 

& A | fib | the ball-imprint gage, the size oi 
o210 0210 020 0 0 210 02170 the specimen. Itis believed that the 
8 x M Nv oO - e speed of loading was so low and the 
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Fig. 3—Effect of Speed of Loading Upon Reduction of Area 


drop, indicating that the speed of loading did not de- 
crease the reduction of area. This statement applies 
equally well to all of the steels tested. The results of 
the tests on the Type D specimens were more erratic 
than the results of tests on the Type A specimens. This 
is not surprising since the Type D specimens were very 
thin and the per cent variation in thickness at different 
sections due to inaccuracies in workmanship would 
be greater for thin than for the thicker specimens. 

The effect of the speed of loading upon the elongation is 
shown by the diagrams of Fig.4. The arrangement of the 
tests in groups and the method of representing the ob- 
served data are the same for Fig. 4 as for Fig. 3. The dia 
grams of Fig. 4 show that for the Type A specimens, the 
ones that could be machined with the least relative varia- 
tion in thickness, the elongation was slightly greater for 
the 10-ft. drop test than for either the 2-ft. drop test or for 
the static test. This statement applies to all except the 
carbon steel, which had a slightly greater elongation for the 
static test than for the 2-ft. drop test. The results from 
the Type D specimens were somewhat erratic, probably 
because of the inaccuracies of workmanship in the thin 
specimens, but the 10-ft.drop produced the greatest elon- 
gation for five steels, the 2-ft. drop produced the greatest 
elongation for one steel, and the static test produced the 
greatest elongation for one steel. It would seem to 
be a fair interpretation of the results, 
however, to say that the elongation 
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distance from the specimen to the ball 
was so small that the stress waves did 
not cause an appreciable difference 
between the maximum stresses 1m 
the ball and in the specimen. 

It is not known that the load 
imprint-diameter relation is the same for a static as for a 
high-speed load but it is believed that the differenc« 
is not great. For that reason, while it cannot be stated 
that the imprint diameter is an accurate measure of 
the force, it seems reasonable to suppose that it is an 
approximate measure of the maximum stress in the 
specimen. The imprint diameter was converted int: 
force on the basis of the static calibration and the stress 
resulting from this force has been designated as the 
“equivalent static stress,"’ meaning that it is the stress 
that would result from a static load which would pr: 
duce the same diameter of impript as was produced 
during the drop test. 

The “equivalent static stress’’ for the various types of 
specimens and the various steels are shown by the dia 
grams of Fig. 6, for which the key is the same as for Figs 
3 and 4. The diagrams of Fig. 6 indicate that the 
“equivalent static stress’ increased with the speed of 
loading for all kinds of steel and all types of specimens 
It should be remembered, however, that it has not bee: 
established that the “equivalent static stress’’ is 


true maximum stress developed by the specimen. 
Typical specimens of Types A and D after failure are 

shown in Figs. 7 and 8. It is of interest to note that the 

appearance of the specimens after testing was not 


noticeably affected by the speed of loading. It is als 


KEY 

of the specimen was not significantly 2 CAGE 

The elongation of the Type D « fo) 
specimens 3 in. wide by 0.05 in. thick, x CONTROL 
under both static and drop tests, ar, | 
although not so great as for the as 
Type A specimens, was considerable, my 
and the fractures were not brittle. 20 

As stated in the beginning, the - #1 
primary object of the tests was to ao 
determine the effect of speed of load- 10 | | 
ing upon the ductility of the steel. 
It seemed desirable, however, to get | | 
some idea of the relative strengths | 
of the steels when subjected to static 270° 0 2 0 92 02% 0 20 0,2 F827 O82 
and dynamic loads. The ball-imprint MARK 8 x M N re) P c 
method was used. The specimen BETHLEHIM CARNEGIE AS ROLLED ANNEALED AS POLLED ANNEALED 
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of a ball-imprint gage (Fig. 5), which 
was so arranged that the force 


Fig. 4—Effect of Speed of Loading Upon Elongation 


| 


1943 EFFECT OF IMPACT LOADING ON DUCTILITY 319-s 


x 
oy 
| 
Xe 
| 
red 
fs 
a 
Cor 
ictio 
1s not 
/ 


of interest to note that there was an 
appreciable decrease in width of the 
thin, wide specimens of Type D. This 
is true for both the static and the 
drop tests. 


Specimens with Joints 


On the basis of static tests, the 
shock-absorbing capacity of a mem- 
ber depends as much upon the geo- 
metrical characteristics of the mem- 
ber as upon the ductility of the 
material.* The truth of this state- 
ment is evident from a consideration 
of a plate with a hole in it. Ifa 
member is of uniform section over 
the main portion of its length, as aimee» we 
shown in Fig. 1, the whole mid-length 
is elongated equally and the magni- 
tude of the elongation at failure is 
of the order of 25% for an A.S.T.M.— 
AZ steel. If, however, the area of 
the section is reduced over a small 
portion of the length by a hole, as 
shown for the Type F specimen of 
Fig. 9, only that portion adjacent 
to the hole will be stressed to the 
ultimate (and correspondingly 
elongated) while the remainder 
of the section will be subjected 
to a much lower maximum stress 
and a correspondingly lower 
strain. The plate of Fig. 9 rep- 
resents the condition, as far as 
uniformity of stress is concerned, 
which exists in plates connected 
with riveted joints. 

The specimens of Type E, Fig. 
9, each consisted of two plates 
connected with a butt-weld joint 
with the reinforcement planed 
flush with the base plate. The 
transverse section of this speci- 
men was uniform over a length 
of 4 in., the same as if the plate 
had been continuous without 
joint. Comparative tests of spe- 
cimens of Types E and F were 
made to determine whether or 
not the shock-absorbing capacity 
would be reduced by the hole, as 
reasoning based upon the results 
of static tests would lead us to 
expect. The tests were made in 
the same manner as the tests of 
specimens of Types A and D 
previously described. The elongation was measured 
over a gage length of 4 in. The specimens after 
testing are shown in Figs. 10 and 11. It is of 
interest to note that the continuous-plate specimens 
with a hole were elongated nearly as much by the drop 
tests as by the static tests. Likewise, the specimens 
with a weld were elongated nearly as much by the drop 
tests as by the statictests. These statements, based upon 
the appearance of the specimens in Figs. 10 and 11, are 
substantiated by the information given in Table 2. The 
per cent elongation is given in columns 4 and 5 of this 
table. The average values for two duplicate static 
tests were 21.2% and 9.4% for the welded specimen and 
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Fig. 5—Assembly of 
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* Wilson, W. M., ‘‘Physical Properties That Affect the Behavior of Struc- 
ural Members,” Proc. A.S.C.E., 68 (10) 1 (1942) 
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for the specimen with a hole in it, respectively. Thy 
corresponding values for the specimens subjected to the 
drop test with the 2-ft. drop were 22.7% and 8.7° 
The corresponding values for the specimens subjected 
to the drop tests with a 10-ft. drop were 17.7% and 8.6", 
respectively. This indicates that the conclusion arrived 
at from a consideration of the static properties of the 
specimens, namely, that any reduction in the area of th: 
section below the area of the main body of a member 
greatly reduces the shock-absorbing capacity of the 
member, also applies to specimens subjected to a drop 
test. 

The “equivalent static stress’ from the drop tests 
determined by use of the ball-imprint gage and giver 
in column 6, greatly exceeded the static strength for 
specimens of Types E and F. This is in accord with 
the similar finding for the Types A and D specimens and 


Fig. 7—Specimens of Type A After Failure 


Fig. 8—Specimens of Type D After Failure 
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Fig. 9—Plate with Hole—Type F 


is also in accord with the findings by Zaborowski in the 
tests described in the second part of this paper. 

As indicated in column 8 of Table 2, two of the six 
welded specimens broke outside of the weld and four 
broke in the weld. It should be noted, however, that, 
not only was the reinforcement planed off flush with the 
base plate, but the base plate was reduced in thickness 
from */s to 0.15 in. after being welded. This may have 
had some effect upon the number of specimens that 
broke in the weld. The specimens that broke in the 
weld were as strong as those that broke outside the weld 
but the ones that broke in the weld had a much smaller 
elongation than those that broke outside the weld. 
This, of course, was to be expected since the welding 
process increased the yield point of the adjacent metal 
and decreased its elongation at a given load. 


Tests by Zaborowski 


The apparatus used by Mr. Zaborowski was similar 
to the apparatus used by Mr. Jeppesen except that the 
falling weight was much heavier. This greater capacity 
made it possible to test riveted and welded joints as well 
as plates without joints of considerable width and 


thickness. The specimens that were tested included 
3- x */s-in. plate without joint, 5- x */s-in. plate without 
joint but with a 1°/s-in. bored hole, 5- x */s-in. plate 
without joint but with four '*/)»-in. drilled holes, 3'/s- x 
*/s-in. continuous plate with transverse fillet welds on 
one side and others with transverse fillet welds on both 
sides, double-strap riveted butt joint connecting 5- x 
‘/s-in. plates, and welded butt joint connecting 3'/,- x 
s-in. plates. 

In addition to these drop tests of plates and joints, 
Mr. Zaborowski also made a number of tests to deter 
mine the stress-strain relation for 1'/:-in. round speci 
mens when subjected to drop tests. 

All of the specimens tested by Mr. Zaborowski were 
made of carbon structural steel except the specimens 
with transverse fillet welds. Some of the latter were 
made of carbon steel and others were made of low-alloy 
steel, as noted in the description of the tests. The drop 
was 10 ft. for all drop tests made by Zaborowski. 

The apparatus used in the tests to determine the stress 
strain relation for round specimens when subjected to 
the drop test is shown in Fig. 12. The ball-imprint 
gage, the specimen and a control pin were arranged in 
series as shown in the figure, the control pin being at the 
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Fig. 10—Type E Specimens After Failure 


bottom, the ball-imprint gage at the top and the speci- 
men in between. Numerous specimens were subjected 
to static tests to determine the physical properties of 
the specimens and of the control pins. 

The method of making a drop test was to select a 
control pin of such diameter that, basing the computa 
tions upon the static strength, the control pin would 
break at the load to which the specimen was to be 
subjected, the magnitude of this load being such that 
the specimen would be elongated but not broken. The 
elongation on an 8-in. gage line was measured subsequent 
to the drop test that broke the control pin. 


Table 2—Summary of Results. Static and Drop Tests of Welded Joints and Plates Without Joints 


(1) (2) (3) (4) (5) 
Drop, Elongation, Av. Elonga- 
Ft. Type Specimen % tion, % 
0 E WE 0-1 19.2 21.2 
WE 0-2 23.2 

F HF 0-1 9.2 9.4 
HF 0-2 9.5 

2 E WE 2-1 18.6 22.7 
WE 2-2 26.7 

I HF 2-1 8.5 8.7 
HF 22 8.9 

10 E WE 10-1 16.9 17.7 
WE 10-2 19.5 

I HF 10-1 8.4 8.6 
HF 10-2 BF 


(6) (7 ~ 
Ultimate, * 

Psi. Av., Psi Remarks 
69,480 67,085 Fracture in weld 
64,690 Fracture outside weld 
63,430 63,315 


63,200 


92,710 92,555 Fracture in weld 
92,400 Fracture outside weld 
98,800 97,800 

96,800 

108,090 109,045 Fracture in weld 
110,000 Fracture in weld 
89,470 0,700 


91,930 
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The load was determined by two methods.* One 
was based upon the assumption that the control pin had 
the same strength when subjected to a static test as when 
subjected to the drop test. On the basis of this assump- 
tion, the load on the specimen was equal to the static 
ultimate strength of the control pin. The second method 
of determining the load to which the specimen was sub- 
jected was based upon the well known fact that, if a 
piece of steel is loaded statically beyond the yield point 
and then unloaded, the yield strength under subsequent 
loading will be equal to or just slightly greater than the 
previous load to which the steel had been subjected. 
It was assumed that this relationship held when the 
original load was applied by a falling weight. The pro- 
cedure was as follows. 

Similar drop tests were made on a number of spect- 
mens with a different diameter of control pin for each 
specimen so as to give different amounts of set in the 
various specimens. This was necessary to obtain a 
number of points on the drop-test stress-strain diagram 
as only one point on the diagram could be determined 
from each test. In each instance, the static test sub- 
sequent to the drop test was continued to failure, stress- 
strain readings being taken at frequent intervals. The 
stress-strain diagrams for the specimens of one series 
are shown on Figs. 13 (A) and 13(B). The set from the 
drop test varied from 0% up to 1.36% for the specimens 
of Fig. 13 (A) and varied from 5.25% to 10% for the 
specimens of Fig. 13 (B). 

For all specimens, the diagrams to the left represent 
the stress-strain relation up to and slightly beyond the 
yield point and the diagrams to the right represent the 
stress-strain relation from the yield point to the ultimate. 
The small open circles represent tests on the static con- 
trol specimens which were subjected to a static load 
only. The other diagrams represent the results of tests 
on specimens which were subjected to a drop test and, 
later, to a static test. The small solid circles of Fig. 
13 (B) represent the test on Specimen 13, which received 
5.25% set from the drop test and then was tested 
statically to failure. The displacement of the vertical 
portion of this diagram from the Y axis represents the 
set received during the drop test. The small open 
triangles, Specimen 10, represent the results of a static 
test subsequent to a drop test which produced a set of 
7.88%); and the small solid triangles, Specimen 12, 
represent the results of a static test subsequent to a 
drop test that produced a set of 10%. A separate 
specimen, but all cut from the same bar, was used for 
each of the tests represented on Figs. 13 (A) and 13 (B). 

It is of interest to note that the stress-strain diagram 
obtained from a static test subsequent to a drop test, 


* It was also determined by the ball-imprint method but the individual 
values thus determined, although given in the thesis, are not included here- 
with. In general, the load given by the ball imprint was from 50 to 100% 
greater than the static strength of the control pins 
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Fig. 12—Apparatus Used for Testing 1'/:-In. Round 
Specimens 


when displaced to the right of the origin an amount 
corresponding to the set, coincided very closely with 
the stress-strain diagram of a specimen that had not 
been subjected to a drop test. Consider, for example 
the stress-strain diagram for Specimen 12 shown on Fig. 
13 (B). The point A represents a set of 10% due to 
the drop test. The stress-strain diagram obtained from 
the static test subsequent to the drop test is represented 
by ABCD, the portion BCD coinciding very closely with 
the corresponding portion of a stress-strain diagram from 
the static test of the control Specimen 11 that had not 
been subjected to a drop test. It is known that if 
Specimen 12, instead of being subjected to a drop test, 
had been subjected to a static test for which the stress- 
strain diagram is X YBA and then reloaded statically to 
failure, the stress-strain diagram for the latter test 
would coincide (approximately) with ABCD, the stress- 
strain diagram of Specimen 12 subsequent to the drop 
test. It would seem reasonable, therefore, to expect 
that the stress-strain diagram for the drop test, if the 
data could have been obtained, would have been very 
similar to X YBA. This would lead to the conclusion 
that the maximum stress during the drop test was equal 
to the yield strength of the specimen as shown by a 
static test subsequent to the drop test. 

The tests represented by the diagrams of Fig. 14 were 
also interpreted from the static strength of the contro! 
pins on the basis that the strength which the contro! 
pins developed in the drop test was equal to the static 
strength of a similar specimen that had been cut from 
the same bar. 

The full line of Fig. 14 is the stress-strain diagram from 
a static test of a control specimen. Each of the small 
solid circles represents the stress-strain relation from 
a drop test, the load being taken equal to the static 
strength of the control pin and the elongation being the 
measured set in the specimen used in the drop test 
Each small solid circle represents a drop test on a sepa 
rate specimen, the values of the set from the drop tests 
being 0.04, 0.28, 1.36, 5.25, 7.88, and 10.00% for the 
six drop tests that produced an appreciable set. Thic 
fact that all the points, except those corresponding to « 
very small set,* fall very close to the static stress-strain 


* It is generally known that high-speed loading increases the yield point of 
structural steels. 
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the small solid circles and the cor- 
responding small crosses are so near 
to each and so near to the static 
stress-strain diagram for the control 
specimen would seem to establish 
a strong probability at the stress 
strain relation was not greatly af 
fected by the speed of loading up 
to the speeds used in these tests 
The fact should not be overlooked, 
however, that the  ball-imprint 
method gave values of the drop-test 
strength considerably greater than 
the static strength. Moreover, the 
values of the drop-test strength 
obtained from the static strength 
of the control pin and from the 
yield strength of the specimen deter- 
mined by static tests subsequent 
to the drop differed considerably at 
loads just slightly greater than the 
yield point. Despite these discrep- 
Fig. 13 (A)—Stress-Strain Diagrams for Load-Calibration Specimens in Group3 = ancies, however, the tests that have 


und 
liagram indicates a strong proba- 
irop tests as it was for the static 
mple solid circles of Fig. 14 represents 
Fig. the stress-strain relation for a drop 4 
to test, obtained on the basis that the 
maximum stress in the specimen 
nted luring the drop test was equal to 
with the static strength of the control 
trom pin. The small crosses on the same 
lation for the same drop tests on 
the basis that the maximum stress 
in the specimen during the drop contra | 
y to tests was equal to the yield strength 
the specimen as given by a static 


; test subsequent to the drop test. | 
rop The fact that, except for loads only Fig. 13(B) Strain for Load-Calibration Specimens 


a slightly greater than the yield point, in Group 3 

very been described would seem to justify 
sion the conclusion, that the stress 
jual strain relation for the carbon struc- 
ya ROP oben tural steel specimens tested at 
LOAD: ROM ordinary temperatures was not 

om of constant width over the central 
on iste ssa STRAIN stress equal to the ultimate strength 
the tral S in. In contrast with this, 
pa f a 1°/s-in. hole in the center and the 
che four holes were subjected 
he ; to a stress equal to the ultimate 
itl of the gage length. The remaining 
: on portion was subjected to a much 
= Fig. 14—Stress-Strain Relation from Drop Test. Determined by Two Methods lower stress. Likewise, the plates 
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Fig. 15—Various Types of Plate 


Failure 


Specimens After 


of the riveted joint were subjected to a stress equal 
to the ultimate only on sections immediately adjacent 
to the rivet holes. This would lead us to expect that 
the average elongation in 8 in. would be much less for 
the plates of this joint than for continuous plates of con- 
stant cross section. Static tests bear out this conclusion. 

The photograph of Fig. 15 shows pairs of identical 
specimens after failure. In each instance, the specimen 
at the left was subjected to a static test and the identical 
specimen at the right was subjected to a drop test. The 
vertical distance between the top two transverse white 
lines represents the elongation of the specimen in 8 in. 
(in 12 in. for the riveted joint). This photograph shows 
that drop tests and static tests of identical specimens 
produced approximately the same elongation. 

The three pairs of specimens at the left of Fig. 15 all 
had holes in the plates; the two pairs at the right were 
of constant section, one being a plate without a joint 
and the other, two plates connected with a butt weld. 
The effect of the four holes in the continuous plate and 


Fig. 16—Specimens with Butt Welds After Failure 
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Fig. 17—Continuous Plates with Transverse Fillet Welds 
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Likewise, the elongation was very nearly the sam mo the | 
the plates with a welded butt joint as it was for 4. Ig’ righ 
plates without joints, and it was very much greater re that 10 
these than for the continuous plates with holes o; re yearly 
plates of the riveted joints. For all types of specimen. MgS@U° t 
the elongations due to the drop tests and the static tests verse i 
were very nearly the same. SH mately 
The welded specimens shown in Fig. 15 were in 4, yp" 
as-welded condition. Similar welded specimens sal f carb 
shown in Fig. 16. The two at the left were teste ;, HR" low~ 
the as-welded condition. The third specimen was firg relativ' 
prestressed in a static test and then subjected to a drop jow-all 
test. The next two were butt welds which had bee, rhe 
stress relieved by heat treatment prior to being teste; indicat 
The three specimens to the right were all butt welds anteg 
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with the weld planed flush with the base plate, the on 
at the left being subjected to a static test and the other sh 
two to a drop test. The middle specimen broke outsid ar 
the weld. The specimen to the right, which had th A 
reinforcement planed flush with the base plate, was the g1 
only one of the nine tested that broke in the weld. The sl 
set for it was very much less than the set obtained from u 
tests of the specimens that broke outside the weld, due SI 
to the high yield point of the metal adjacent to the weld i) 
All of the butt-weld specimens with the reinforcemen! 
on failed outside the weld when subjected to the drop , 
test. ( 


There are three types of specimens shown in Fig. |: 
Those to the right were continuous plates without 
joints; those in the middle were continuous plates with 
a transverse plate attached on one side with transvers 
fillet welds; those at the left were continuous plates 
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vith transverse plates attached on both sides with 
se fillet welds. For each group, the specimen 
+ the left was subjected to a static test and the two at 


the right were subjected toa drop test. It is to be noted 
‘hat for all of these specimens the elongation was very 
early the same for the drop tests as it was for the 
atic test. Furthermore, the specimens with a trans- 
erse fillet weld on one side or on both sides had approxi- 
mately the same set as the plates without any attach- 
ments. The specimens shown in Fig. 17 were fabricated 
of carbon-steel plates. Similar specimens fabricated of 
. low-alloy steel were tested and the statements made 
relative to the carbon-steel specimens also apply to the 
W alloy steel specimens. 

The photographs showing specimens after failure 
‘ndicate that the elongation in breaking the specimen 
was practically the same for drop tests as for static 
tests. The diagrams of Fig. 18 show the stress-strain 
jiagrams from static tests of three kinds of specimens: 
, plate without joint; plates connected with a butt weld; 
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Ductility Under 
Polydimensional Stress 


N A consideration of tensile fractures and in the inter- 
pretation of the results of tensile tests it should be 
realized that two basic modes of failure can take 

place. The first is the so-called ‘‘ductile” failure wherein 
the specimen fails by a slipping action along crystalline 
planes which are at angles approximating 45° to the 
plane of the applied stress. The fracture so obtained 
follows considerable deformation as shown by large 
values for per cent elongation and per cent reduction of 
area and relatively high absorption of energy as shown by 
the area under the load-deformation curve. The physi- 
cal appearance of the fracture usually shows the well- 
known “‘cup and cone,” as in Fig. 7. The second type of 
failure is the so-called ‘‘brittle’’ failure. Such a failure 
is accompanied by relatively little deformation. Fail- 
ure occurs because the cohesive resistance of the mate- 
rial has been exceeded by the tensile stress before defor- 
mation can occur and this results in essentially a separa- 
tion of the grains along a plane normal to the load. In 
appearance the brittle fracture shows a large flat area 
and little or no evidence of shear, as shown in Fig. 8. 
The energy absorbed to fracture is less than that of a 
ductile failure of the same material and same cross sec- 
tion upholding the load. 

There are a number of factors which affect the relation- 
ship between shear and normal stresses in a material 
and thus can cause either a ductile or a brittle fracture. 
A material which is inherently ductile can be made to 
give a brittle fracture in a number of ways. Moreover, 
since any material can be made to give a brittle frac- 
ture the conditions under which brittleness arise are as 
significant as actual values of the customary measures 
of ductility. 

Among the factors influencing the ductility of a speci- 
men or a member are the conditions arising from a poly- 
dimensional stress distribution, temperature of loading 
and rate of loading. 

Tensile tests were made on bars of S.A.E. 6115 steel as 

P 


repared by the Editor based upon data made available by the Union 
Carbide and Carbon Research Laboratories. 


plates connected with a double-strap riveted butt joint. 
The areas under these diagrams are a measure of the 
energy absorbed per cubic inch in stretching the speci 
mens to failure. The values of these areas are given at 
the top of the figure. It is to be noted that for a length 
of 8 in. (12 in. for the riveted joint), the energy-absorbing 
capacity, expressed in in. lb. per cu. in., was 18,560, 
14,800 and 2470 for the plate without joint, the plates 
connected with a welded joint and the plates connected 
with a riveted joint, respectively. This illustrates 
clearly the effect that the type of joint has upon the 
energy-absorbing capacity of a structural member, and 
justifies the statement that: 

1. The shock-absorbing capacity of a member de 
pends as much upon the geometrical characteristics of 
the member, including the connection, as it does upon 
the physical properties of the material. 

2. A single section of reduced area, most likely to 
occur at an end connection, will greatly reduce the 
shock-absorbing capacity of the whole member. 


Note: For each value of "k" the abscisse limit was 
@ point beyond which premeture 
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a@ point beyond which premature fracture occurred. 
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Fig. 2—Effect of Notch Depth and Temperature on Strength 


Note:For each velue of "k" premature fracture 
occurred beyond the limiting abscissa 
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Fig. 3—Effect of Notch Depth and Temperature on Strength 
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normalized at 900° C. and stress relieved at (yy R 
with Izod and Charpy notches of varying depths and at 
temperatures ranging from room temperature to —j¢, 
3 

The chemical and physical properties are 
Tables 1 and 2. 


given Ir 


Table 1—Chemical Composition 
Manganese..... 0.40°, 
Chromium. . 0.92¢, 
Vanadium. . Ba 0.16°, 
Table 2—Mechanical Properties 
Test Specimen, Standard 0.505 In. with 2-In. Gage Length 
Brinell hardness............. 149 
56,500 
Tensile strength, psi............. 79,000 
Y% Elongation in 2 in............. 31.0 
% Reduction of area............. 68.4 o 
Summary of Effect of Notch and Low Temperature ® 
¢ 
5 
rhe effect of low temperature is to accentuate th & 
tendency of a notch to cause brittle fracture. 3 
The critical temperature, which is the temperature be. 
low which the fracture is brittle, is raised as the relatiy i 


root area is decreased, as shown in Fig. 5. Decreasing 
the relative root area which is designated by &* in th 
graph indicates increasing severity of notch effect 

The critical temperature for the bars with 0.505-in 
root diameters was higher than that for the 0.236-in 
bars, as seen from Fig. 5. 


Note: For each value of "k" premature frecture 
occurred beyond the limiting abscissa 
333 
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Fig. 4—Effect of Notch Depth and Temperature on Strength 
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than the smaller, 0.236-in. bars at equivalent notch 
depth. 


ths and +40 site 
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dia. Combined Effect of Notch Depth and Low Temperature 

It has been shown that the effect of a notch is to de 
crease deformation and promote the tendency toward a 
brittle fracture with consequent low energy absorption 
When notched bars are subjected to tension at low tem 
peratures this deformation restraint is increased markedly 
over that caused by the notch at room temperature test 
ing. Decreasing temperature, therefore, accentuates 
the tendency of a notch in promoting brittle fracture. 
This effect is more pronounced in the case of bars with 
large diameters at the notched section than in bars with 
smaller diameters at the notch but with equal values of k, 
the relative root area. 

Neuber has shown that there is a region immediately 
adjacent to the notch fillet in sharply notched bars where 
the longitudinal stress rises sharply. He has calculated 
the stress at this region to be approx. 


-40 


> Length 


-60 £ 


= p Va/R 


where p is the maximum load divided by the original 
cross-sectional area, R is the radius of curvature of the 
notch fillet and @ is the radius at the minimum cross 
section (at the notched region). 

According to the above expression the stress concen 
tration at the fillet for bars whose minimum diameters 
are large will be higher than those of the smaller diame 
ter bars at equivalent notch depths. This is borne out 
by the results of the present investigation at low tem 
peratures. The bars with a diameter at the notch of 
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Fig. 5—Effect of Notch Depth on Critical Temperature 
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The ultimate tensile strength at constant low tem- 
perature for the smaller bars is somewhat higher than 
that for the larger bars at the same values of k.* This is 
shown in Fig. 6. The ultimate tensile strengths of the 
unnotched bars (k = 1) are equal for both sizes of bars, 
thus there is no size effect for the unnotched bars while 
there is one for the notched bars. 

The tendency toward premature fracture is increased 
as the temperature decreases and is greater for the larger 
root diameter bars than for the smaller. (Premature 
fracture is fracture occurring on rising load wherein no 
maximum load is reached but a sudden break occurs. 
It is believed to arise from highly concentrated stresses 
that are unrelieved by deformation.) This is shown in 
Figs. 1 and 2 for Izod notches and in Figs. 3 and 4 for 
Charpy. The limits of the abscissas in these charts were 
determined by the onset of premature fracture. 

The Charpy notch in the larger bars was less conducive i : 
to premature fracture in the larger bars than the Izod 9 len 
notches in the same size bars, at the same values of &. 5° Izod notch 
A comparison of Figs. 2 and 4 brings this out. This ef- : 
lect is not so evident in the smaller bars as shown in a gee of Fite 
Figs. 1 and 3. 

It may be concluded that the bars with larger root a iH 
diameters, 0.505 in., are more critical in their behavior 1.0 0.90.8 0.7 0.6 0.5 0.4 0.8 0.2 0.1 0.0 
under notched tension testing at low temperatures Relative Root Area (k = 42/D2) 


« , .. diameter of the bar left after notching 
gth — diameter of the original unnotched bar Fig. 6—Effect of Notch Depth at Constant Temperature 
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Fig. 7—Standard 0.505-In. Diam. Specimen Tested at Room 
Temperature, S.A.E. X 6115 


0.505 in. have a value for a in the above expression of 
0.505/2 or 0.253 in. while the 0.236-in. bars have an a 
value of 0.118. The theoretical maximum stress at the 
fillet is therefore considerably larger in the larger bars. 
This effect is absent in unnotched bars. At room tem- 
perature there is little difference in ultimate stress and in 
ductility of notched bars of this steel in several minimum 
diameters but so notched that their values of & are equal. 
This can be seen from comparison of Fig. 1 (at k = 
0.358) and Fig. 2 (at k = 0.312). These values of k 
are reasonably close for comparison. 
the steel in this test had sufficient ductility to deform and 
consequently relieve this high-stress concentration even 
in the larger bars. However, as the temperature de- 
creased, the required deformation was not attained in the 
larger bars to sufficiently relieve the stress concentration 
at the notch. There may have been sufficient deforma- 
tion in the smaller bars since, because of the smaller mag- 
nitude of stress concentration, they required less deforma- 
tion. Any appreciable, unrelieved stress might cause the 
local stress to be high enough to bring on fracture under 
small load. The mean stress would thus appear lower. 
This can be seen in Fig. 6 where it is noted that at the 
same low temperature and comparable values of & the 
ultimate ‘‘calculated’”’ stress of the larger bars is lower 
than that of the smaller bars. 

The failure of the larger bars to sufficiently relieve 
stress concentration may account for their tendency to 
break with premature fracture at higher temperatures 
than the smaller bars. In Figs. | and 2 the limit of the 


It is believed that. 


Fig. 8 Standard 0.505-In. Diam. Specimen Tested at 
S.A.E. X 6115 


-183°C 


abscissas shows a greater tendency toward prematyp, 
fracture in the larger bars at any values of & (other tha, 
1.0) which are sufficiently close for comparison. At } - 
0.358 in the 0.236-in. bar the limiting temperature wa 
—120° C. The next lower temperature used in the tey 
returned a premature break. Atak value of 0.418 in th, 
0.505-in. bar the minimum temperature attainable with 
out premature fracture was —50° C. The higher valy 
of k for the larger bar (indicating a lesser three-dimey 
sional effect) was not sufficient to compensate for th 
loss in minimum temperature. 

A comparison of Figs. 2 and 4 shows that Charp 
notches were less conducive to premature fracture 
This may be expected since the more generous fillet oj 
the Charpy notch probably allows greater local deforna 
tion and consequent redistribution of localized hig! 
stresses. Also, from Neuber’s foregoing equation, th 
value for R is much larger for the Charpy notches tha: 
for the Izod notches. Lower temperatures can be ai 
tained with a Charpy notch before brittle fracture occurs 
than with an Izod notch of equivalent depth. 

Figure 5 shows the relationship between critical tem 
perature, notch depth and bar diameter for Izod notches 
The unnotched bars (k = 1) of both the 0.236- and th 
0.505-in. minimum diameters had the same critica 
temperature, —120° C. From Fig. 5 it is evident that 
the critical temperature increases as the notch effect in 
creases as indicated by decreasing values of &, and thal 


the critical temperatures of the larger bars were higher 


than those of the smaller bars at equal values of & 
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Under-Water Arc Welding 


By A. J. Hipperson 


Introduction 


HE fact that under-water welding may be success- 

fully carried out practically entirely with standard 

arc-welding equipment cannot be said to be very 
widely known. The process has many valuable applica- 
tions such as under-water ship repair, lifting of sunken 
ships and the erection and repair of under-water struc- 
tures, but it is believed that very little work of this nature 
has yet been attempted. This article reviews the avail- 
able literature on the subject of under-water arc welding 
and includes in an appendix details of a short series of 
tests recently carried out in this country. 

It will be seen that under-water arc welding is no longer 
an experimental project, but rather a means of under- 
water construction and repair which is ready for im- 
mediate use. 


General 


It was first shown in 1802 by Sir Humphry Davy that 
the electric arc will continue to function when immersed 
in water. This principle was used at later dates in opti- 
cal, calorimetric and chemical research, and notably for 
the preparation of colloidal solutions of metals and their 
oxides. 

Early attempts at under-water arc welding were made 
with bare wire and thinly coated electrodes, but the 
efforts were futile and the results quickly suggested the 
need for some form of shielding of the are so as to control 
and direct its action and to minimize its exposure to the 
surrounding agitated water.* More recent experiments 
such as those carried out by Schmidt* showed that this 
problem is practically solved by the use of covered elec- 
trodes, and that certain commercial electrodes met the 
requirements of under-water welding, since the coating 
burned evenly at a slightly slower rate than the core wire, 
lorming thereby a protective covering around the arc. 
The main difficulty remains to be overcome—that of good 
visibility of the are and the molten pool, which are prac- 
tically concealed by local turbulence and the formation of 
black particles around the arc, the latter being rather 
troublesome except in flowing water. 

The greatest depth at which are welding has been 
carried out is 40 ft., and successful results are reported. 


* Reprinted from the Quarterly Transactions, The Institute 


of Weldi 
October 1942 


Electrodes 


Both organic coated electrodes and metallic oxide 
coated electrodes have been found to be satisfactory for 
welding under water—the former emitting rather more 
clouds than the latter, but deeper penetration is ob- 
tained.” In general it is desirable that the electrode be 
thickly coated and protected by a coating of varnish, 
particularly in the case where the electrodes are to be im- 
mersed for long periods in sea water before use. Varnish- 
ing the electrodes may easily be carried out by dipping 
into a spirit shellac varnish and dryifig. Not only does 
this render the electrode coating non-hygroscopic, but 
also provides an extra gaseous shield to the are which 
gives added arc stability. 

It has been suggested! that when an arc is struck under 
water, there is immediately formed a bubble or vapor 
pocket at the core of which is the arc; next would be 
found a mixture of incandescent gases emitted by the arc 
and highly superheated steam. Around this is an en- 
velope of saturated steam in contact with the body of cool 
water in which the arc is immersed. The deposition of 
metal in an orderly fashion requires the maintenance of 
this very active bubble in a state of equilibrium and this 
is most easily attained by the use of a touch welding type 
of electrode with which the projecting end of the coating 
can be actually pressed on to the seam to be welded, 
providing the operator with added steadiness and mini- 
mizing the exposure of the arc itself to the surrounding 
water. 


Welding Machine and Accessories 


Both a.-c. and d.-c. commercial machines have been 
used with successful results for welding under water, but 
generally speaking, d. c. has been found to give better 
results than a. c., and normal polarity better than re- 
versed polarity. From the point of view of are stability, 
which is very important owing to bad visibility while 
welding, a rapid voltage recovery after short circuit is 
desirable. A choke inserted in the welding circuit is 
useful as a means of stabilizing conditions,’ although this 
is not essential. 

Due to current and heat losses through the water sur- 
rounding the arc and plates being welded, approximately 
25% higher current is required than that for similar work 
in air, and this should be kept in mind in determining the 
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A, electrode; B, non-conductive material (ebonite); 


K, packing rings. 


ating of the machine to be used. There is no record of 
any under-water welding having been successfully accom- 
plished at a current below 150 amp. 

The electrode holder should be fully insulated to pre- 
vent electrolytic corrosion and current losses which might 
be quite substantial in sea water. Figure 1 shows a com- 
pletely insulated electrode holder as used by Schmidt.* 
It is of the quick-action screw type and has obvious ad- 
vantages inasmuch as speed of movement under water is 
necessarily greatly retarded by water resistance, and the 
time for changing electrodes is reduced to a minimum of 
about one minute by its use.* 


Diving Equipment 


The usual diving equipment may be used but it is de- 
sirable to insulate the external metallic parts of the suit 
such as the helmet, in order to avoid electrolytic corrosion 


TABLE I. 
RESULTS FROM TENSILE SPECIMENS. 


Dimension | Yield [Ultimate | 
of Cross Point | Tensile | 
Specimen | Section of | (Ibs/sq. (bs Description 
Markings | Specimen in.) | (lbs/sq. | of Failure 
(inches) | in.) 
. | BWI-2 | 1.800.211 | 40,420 | 55,900 | Outside of 
| weld. 
BWI-3 | 1.830.224 | 38,400 | 53,750 | Outside of 
weld. 
‘ 5 | BWI-4 | 1.38 0.226 | 38,000 | 53,700 | Outside of 
| weld, 
FWI1-2 | 1.650.170 | 49,500 | 54,800 | Outside of 
weld. 
| FW1-3 1.650.159 | — | 54400 | Outside of 
weld. 
FW1-4 1.63 «0.173 | 49,400 56,800 Outside of 
| weld. 
BAI-2 | 1.660.227 | 37,600 | 53,800 | In weld. 
; BAI-3 | 1.670.210 | 41,600 | 49,300 | Progressive 
: | from edge. 
a | BAI-4 | 6.670.211 39,800 | 46,400 | Progressive 
5 | | | from floor. 
S| FAL2 | 1.670.235 | 37,100 | 53,600 | Outside of 
| | weld. 
| FAI-3 | 1.670.221 | 38,600 | 54,700 | Outs.de of 
| weld, 
FAI-4 | 1.660.241 | 34,700 | 51,700 | Outside of 
weld. 


Fig. 1—Insulated Electric Holder 


C, double-ended bolt; Cui, (left-hand thread); D, brass: 
E, brass; F, cable from welding machine; F,, bared cable 
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B Cc, Cc D 


G, tin solder; H, rubber; |, packing boxes (ebonite): 


TABLE Il. 
RESULTS FROM FREE-BEND SPECIMENS. 


| Dimension ‘Elongation 
| of Cross on Half 
Specimen | Section of (Inch Gauge Remarks. 
Markings . —— Length 
(inches) % 
BWS-2 | 1.70.35 16 cracking at 
_ | BWS-3 | 1.7<0.34 10 Beean cracking at 
Bws-4 1.70.30 12 Cracked in middle. 
EW3-2 1.70.34 18 Cracked simultan- 
£ | eously across sect- 
ion. 
FW3-3 1.7 x0.34 17 Cracked at } pt. 
FW3-4 1.7 x 0.26 7 Crack began at edge. 
BA2-2 | 1.7x0.36 | 16 | No fusion in middle 
| | third of section. 
BA2-3 | 1.70.34 14 | No fusion in middle 
third of section. 
| BA2-4 | 1.7x0.33 14 No fusion in middle 
| third of section. 
Tested March 20, 1933. 
< | BA32 | 1.65x0.35 | =~ Fractured from edge 
to centre. 
BA3-3 1.650.33 16 Fractured across wekd 
| simultaneously. 
BA3-4 1.63 x 0.33 16 Fractured from edge. 
FA3-2 | 1,650.33 24 Fractured in weld. 
FA3-3 1.63 x 0.36 14 No fracture—bent 
| outside of weld. 
FA3-4 | 165x034) 20 Small fractures 
throughout weld 
| surface. 


and possible injurious effects to the diver should it be 
touched by the electrode. In the case of the diver’s suit 
with air lines supplied with compressed air from a hand 
pump, only the copper helmet need be insulated, but in 
the tubeless type special care has to be taken of the ait 
containers carried on the diver’s back. It is considered 
that the former type of suit is more suitable for use with 
under-water welding. When welding at a depth of up to 
18 in. a pair of rubber gauntlets is the only protection the 
welder need have. 


Positional Welding 


Welding can be carried out under water in all positions, 
i.e., downhand, vertical and overhead, welding vertically 
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that lowered ductility would probably 
be due mainly to a completely new 
welding condition, viz., welding in 
a stream of steam. Hibsham and 
Jensen’s results on butt weids and free 
bend tests are reproduced in Tables 
I and II. 
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Fig. 2—Macrograph of a Section of an Under-Water Fillet Their Practical Application, " Technisches Zentral 


Weld Showing the Results of a Hardness Survey. 


downward having been found to give better results than 
vertically upward.* The electrode should not be longer 
than 14 in., otherwise control of the arc becomes difficult. 
In general, less manipulation of the electrode is necessary 
in under-water welding. For downhand welding, the 
electrode should be held at an angle of 35 to 40° to the 
direction of welding in order to avoid undercut. 


Mechanical Properties of Under-Water Welds 


Tensile tests on butt-welded specimens have shown 
that the strength of welds made in air can frequently be 
equalled by that of welds made under water.' In cases 
where underwater conditions are particularly difficult, 
lower strengths may be obtained due to bad fusion and 
seag traps. The rapid quenching of the weld by water 
can cause severe hardening in the higher tensile steels, 
but in the case of the German steel St42, the hardening 
was only from 150 Brinell in the metal to 180 Brinell in 
the zone adjacent to the weld. A much higher hardness 
was obtained in the tests reported at the end of this 
article. 

send tests showed a lower ductility in the case of the 
under-water welds, and this has been put down to 
smaller grain size by Harvey, although Withrow argues 


WELD FUSION PARENT 
METAL ZONE PLATE 


Fig. 3—Macrograph of the Weld Junction of an Under-Water 
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Report on Under-water Tests 


This short series of tests was carried out in order to 
confirm in principle the facts given in the foregoing re- 
view of literature. 

The first few welds were made in a tank of water 3 ft. x 
2 ft. 6 in. x 1 ft. 3 in., welding at a depth of about 6 in. 
The welding equipment used was the normal welding 
equipment available in the shop. The electrode holder 
was not insulated, since it was not intended to carry out 
any tests in salt water. Tests were carried out as 
follows: 


Fig. 4—Macrograph of the Surface Appearance of a 3-Run 
Under-Water Fillet Weld. x 1!4 


1. Using a d.-c. machine at 85 v. open circuit a fillet 
weld was made in the downhand position using a touch- 
welding type of electrode. The electrode size was 8 
S.W.g., negative polarity being used with the positive lead 
fixed to the plates by means of aG clamp. A weld 9 in. 
long was made at 210 amp., the end of the electrode being 
pressed on to the seam being welded. Visibility was very 
poor due to surface reflection and the clouding of the 
water around the are immediately the are was struck. 
Intense turbulence as set up, the bubbles rising to the 
surface and occasionally igniting. The resultant weld 
was rather poor due to undercut although it was quite 
continuous. The touch-welding type of electrode was 
used in this instance because it was thought that the are 
conditions would be better; that this was not the case is 
evident from the next test. 


Fillet Weld Showing Martensite and Troostite at the Grain 2. The test was repeated using a 6-s.w.g. electrode to 
Boundaries of the Heat-Affected Parent Plate. 80 B.S.S. 639 Class A, at 230 amp. and 85 v. open circuit. 
1943 UNDER-WATER ARC WELDING 331-s 


| 
Orass; 
mite): 
ee 
ng at 
idle, 
ultan- 
| 
edge 
Ki 
‘ 
eld 
2 
= 
ihe 
4 


Subsequent tests were carried », 
with the tank fitted with an inj, 
and outlet to provide running wate 
and an observation screen was ys. 
to improve visibility. The obsery, 
tion screen consisted of a iy 
about 5 in. diam. and 9 jp. ee 
fitted with a plain glass at an 
end. This end was immerse; ; 
the water above the point where 
welding was taking place, 
served as a means of eliminati 
surface reflection. It is though 
that the optical conditions obt,; 
ing with this device resembled {xir\y 
accurately the conditions of 4; 
bility in which a diver would work. 

Visibility was increased t) 4 
marked extent and a light welding 
glass had to be used to reduce glar 
The welding glass was not neces 
sary in the previous experiments 
A choke was introduced into the 
welding circuit and the open circuit 
Fig. 5—-Macrograph of a Section of the Weld Shown in Fig. 4. voltage was stepped up to 100; it 

x8 was found that these additions r 
sulted in much smoother are condi 


tions. However, the quality 
The end of the electrode was not pressed on the seam welds produced was not a great deal better than those 


being welded, but the electrode was manipulated with a shown in the photographs of the first attempts at ude 
slight weave so that the edge of the coating lightly water welding. 
touched the plates at the end of each weave. This 
served as an excellent guide for welding. The weld pro- 
duced was 9 in. long; it was easily de-slagged and had 
a good appearance. Figure 2 shows a photomacrograph 
of a section of the weld taken at random. The high Under-water welds of a quality only slightly inferno 
hardness of the mild steel — plate is of mnterest “Its to those made in air have been produced with standa 
chemical analysis was C 0.20%, Mn 0.62% and the equipment by a skilled welder who had had no previow 
remarkable degree of hardening was due to the intense experience in under-water welding. It is considered that 
rate of cooling. Figure 3 shows a photomacrograph in the training of a diver in under-water welding could rest! 
the region of the fusion zone. The plate structure in the ;,, the production of completely sound welds. 
heat-affected zone has the appearance of martensite with : 
troostite along the grain boundaries. 

3. Figure 4 is a photograph of a 3-run fillet weld made 
in the H and V sanitlon. The electrode used and ma- Acknowledgments 
chine setting was the same as for Test 2. Figure 5 isa 
photomacrograph of a section of the weld taken at ran- For their cooperation and assistance in the above sens 
dom. It will be noted that due to the fact that the mol- of tests, acknowledgments are due to the Arc Manula 
ten pool cannot be watched as in air welding there are turing Co., G. A. Harvey & Co., (London) Ltd., Mr. E. 
slag inclusions between runs. Forey and Mr. F. S. Bull. 
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Conclusions 


ANNUAL MEETING 


American Welding Society 
Chicago — Hotel Morrison — Oct. 18-21, 1943. 


19 Technical Sessions involving 68 papers covering every phase of welding. Research papers are 
featured. Members of the Welding Research Council and the American Welding Society are urged to 
make their reservations early by writing to Leonard Hicks, Jr., Morrison Hotel, Chicago. 
that these letters mention the name “American Welding Society Convention.” 

The rates for single rooms are $3.30, $3.85, $4.40, $5.50. The rates for double rooms are $4.40, $4.95 
$5.50, $6.60, $7.70, $8.80. Rooms with twin beds are from $5.50 up. A large number of suites are 
available ranging in price from $9.90 on up depending upon the number of rooms and space. 

Inasmuch as it is believed that the Hotel will be filled, members are requested to indicate their exact 
stay so that the rooms may be rented to members coming in later. 


It is imperative 
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Table 3—Typical Ductility-Hardness-Jominy Distance Relations 
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JOMINY 
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Table 3—Typical Ductility-Hardness-Jominy Distance Relations 


These tables were determined experimentally but give only typical values that should 
be used only in ‘‘Desk Work.”’ Actual tests should be conducted for each heat of steel 
to be used to check the specific value of interest. Note that the Jominy values are for 
quench after 2100° F. heating for '/, hr. and accordingly differ somewhat from the 
values on Jominy bars quenched from the lower temperatures more commonly used for 
other purposes. 
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A Study of the Effects Caused by 
Arc Welding Upon Axially Loaded 
Structural Steel Bars 


By Jack Neustadt, George D. Lodvick and Donald P. Schultz 


Conclusions 


PON welding */s in. thick washers to our 1!/,-in. 
round bars which were loaded in tension or 
compression, no buckling or failure of any kind 

was observed. 

Deformations of the bars due to welding are closely 
related to heat input. In this investigation, for bars 
welded under load slight variations in heat input caused 
very large variations in final deformations, whereas no 
such variations with heat input were found in bars 
welded without load. Deformation thus becomes more 
sensitive to heat input variation as the load is increased. 


Discussion 


The effect of welding loaded structural steel members 
was thought to be best shown by a comparison of two 
tests. One, to weld a structural steel member while it 
had no load on it, and the other, to take a similar member 
and weld it while a constant load was maintained on it. 
The factors that were to be compared were brought out 
by studying the changes in the stress-strain character- 
istics of the metal, and by determining any permanent 
eccentric sets or eccentric strains in the bars during the 
process of welding. 

Due to the very large number of factors involved, we 
confined our problem to a simple case so as to bring 
out the fundamentals unclouded by too many variable 
factors. In order to confirm our results we made several 


_* Abstract of thesis prepared in the College of Engineering, Department of 
Civil Engineering, University of California, May 1939. 
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Fig. 1—Typical Cooling Curve 
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Fig. 2—-Detail of Welded Specime 
All bars structural steel grade. Tension bars 18 in. and 
Compressic nd 


Note: 


24 in. long. 


duplicate tests using only one size member, that being a 
structural steel bar one and one-quarter inches in 
diameter. To this we welded a */;-in. thick x 2-in 
diameter washer. ‘The washer was welded around the bar 
with two continuous operations each running half way 
around, and in the same direction. The heat applied 
to the bars was approximately the same, and an ex- 
perienced commercial welder did all of the welding. 
In order to accentuate the effects we applied a load of 
about 30,000 Ib. to the 1'/,y-1n. bar, or approximately 
three-quarters of its elastic limit. 
We obtained data for the following curves: 


1. Stress-strain curves (Plates I, I] and III). 

2. Cooling curves (elongation vs. time after weld) 
(Plates 1V, V and VI). 

3. Eccentric set curves (Plate VII). 

4. Elongation per inch curves (Plates VIII and IX) 
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We compared thy 
curves and data for: 


1. What we chose 


above 


to call 
Standard bars. These 
were merely bars 


welded without any 
load upon them, ang 
later tested in tension 
or compression. 
2. Bars which were welded 
with a load of 30,009. 
Ib. tension upon them. 
3. Bars which were welded 
with a load of 30,009- 
Ib. compression upon 
them. 


With the stresses 


in 
loaded bars as high as they 
were, the yield points and the 
ultimate strengths were the 
same as those in the bars welded 
without any load upon them. 


our 


Welding causes deforma- 
tions and produces internal 
stresses. These stresses are 
of a compressive nature as 
shown on the cooling curves 
for the standard bars. All 
bars on being welded tend ‘o 
expand. On cooling, unloaded 
bars contract to less than their 
original lengths; bars with 
tensile load retain part of their 
elongation, contracting to 
lengths greater than their 
original lengths; and bars with 
compressive load contract to 
much less than their original 
lengths. 

The permanent set is a 
function of the magnitude of 
the initial load and its sense 
(tension or compression). It 
can be seen from the cooling 
curves that in between the 
two extremes, (1) of a stand- 
ard bar, and (2) of a heavily 
loaded tension bar, there 
would be some bar with just 
the initial load and heat in 
put to overcome the compres- 
sive stresses due to welding. 
These conditions would result 
in a bar with a net zero final 
strain. 

The deformations increase 
with increased heat input, 
which varies with the size of 
bead, the time of welding, the 
current, voltage input and 
length of arc. 

The relation of the cross 
section of a member to its 
welded surface area is im- 
portant. Consider, for in- 
stance, a solid bar and 4 
pipe of the same diameter. 
Relatively speaking with the 
same size of welding bead, 
the solid bar would have a 
large cross section to welded 
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Plate II_—Stress-Strain Curves of Bars Welded Under Load 


WELDING STRUCTURES UNDER LOAD 


a 


surface ratio and the pipe a small one. In the 
solid bar the deformations and elongation and 
contraction effects would be smaller, but the 
eccentricities larger than for the pipe. This 
follows from the fact that in the pipe the heat 
per unit mass (dependent on cross-section area) 
is greater and can more evenly distribute itself 
over the thin section, while in the solid bar the 
heat per unit mass is less but very unevenly 
distributed, resulting in smaller over-all deforma- 
tions but greater eccentricities due to the local 
concentration of heat. 

The final circumferential eccentricities took 
the form of similar sinusoidal curves with their 
origins at the start of the weld even though in 
our case the heat input could not be maintained 
constant. This is due to the fact that our 
welding procedure and our ratio of cross section 
to welded surface area were the same. Un- 
doubtedly, varying these factors would change 
the resulting eccentricities. 

The elongations per inch indicate that the 
washer and weld material reinforce the welded 
area, resulting in a minimum elongation in 
that area. This, coupled with the fact that re- 
sidual compressive welding stresses must be over- 
come before the tensile stresses can become 
effective, accounts for the fact that the welded 
area is stronger than the parent metal. The 
breaks in the bar occur at some distance from 
the welded section (about 3 in. in our case). 

In summary, the factors involved in weld- 
ing under load are: 


1. The heat input. . 

2. The degree of stress in member to be 
welded. 

3. The ratio of cross section of member to its 
welded surface area. 

4. The technique of welding procedure to 
minimize internal stresses and eccentrici- 
ties. 

5. The allowable strains in members. 

6. The dependability that can be placed 
upon the skill of the welder. 


Test Results 


Tests performed upon 1'/,-in. bars showed 
that the modulus of elasticity was the same both 
before and after welding regardless of whether 
the member was loaded or not. For all bars 
the modulus of elasticity was approximately the 
same and varied from 27 to 31 X 10° psi. The 
yield points, and ultimate strengths were ap- 
proximately the same regardless of loading con- 
ditions. Forall bars the yield points ranged from 
32,000 to 39,000 psi. and the ultimate strengths 
for tension bars were approximately 60,000 to 
65,000 psi., while for compression specimens 
they were 35,000 to 39,000 psi. The standard 
tension bars seemed to have a proportional 
limit slightly less than that for all other bars; 
standard bars ranged from 23,000 to 34,000 psi., 
while all other bars varied from $2,500 to 
39,000 psi. 

The per cent elongation in 8 in. was slightly 
reduced for the loaded bars. However, the per 
cent reduction of area was approximately the 
same in all cases. 

The average permanent set in all standard bars 
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P.ate III-Stress-Strain Curves of Bars Welded Under Compressive Load and Without Load 
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was about —0.0009 in.; the average permanent set in the 
bars with initial compressive load was about —().)15 
in.; and the average permanent elongations for loaded 
tensile bars varied over a wide range probably due to 
the variations in the heat input, although it should 
be noted that the heat input also varied approximately 
the same in the standard and loaded compression 
bars. This compares very favorably with the results 
found by the Russian and German investigators. 

The eccentric set curves indicated that our welding 
on round bars produced eccentricities which varied 
sinusoidally. The maximum contraction seemed to 
occur at about one-third, the maximum elongation 
seemed to occur at about two-thirds the distance from 
the start of the weld. Undoubtedly a different technique 
and procedure of welding would have produced different 
eccentricities. 

From the curves showing the elongations per inch 
on the standard and loaded tension members we observed 
identical results. The elongations in the region of the 
welds were less than those of any other part of the bars. 
This was probably due to the increased cross-sectional 
area provided by the welded washers. Also, the com- 
pressive stresses in the area of the weld probably had to 
be overcome before any tensile strains were produced. 
In practically every case, whether the bar was standard 
or loaded while welding, the break, as well as the maxi 
mum elongation, occurred at a point between 2°/, and 
3 in. from the weld. 

The //r ratio of our compressive specimens was about 
50. No buckling was evidenced in the bars while being 
welded under a compressive load of approximately three- 
quarters of their elastic limit. 


o2 


Description of Curves 
Stress-Strain Curves 


Stress-strain curves were taken as explained in the 
testing procedure. These data were plotted very ac 


AUGUST 


; 
; 
' ty > 
356 
1 
‘ 


t in the 
—().015 
loaded 
due to 
should 
mately 
ression 
results 


relding 
varied 
ed to 
gation 
> from 
inique 
ferent 


inch 
served 
of the 
bars. 
tional 
com- 
iad to 
luced. 
ndard 
maxi 
‘ and 


ibout 
being 
hree- 


1 the 
ac- 


UST 


> = 
823 | | | \ | 
| | | 
| 
Plate VII—(Continued on next page) 
curately so as to eliminate the necessity of publishing 
0300 voluminous laboratory data. The modulus of elasticity 
was taken by dividing the ordinate increment of the 
pore aes _ |... ~Ss straight portion of the curve (extended) included be- 
tween the 0.000 and 0.001 ordinates by 0.001. The 
proportional limit was taken as the point where the 
— curves deviated from a straight line as seen by laying a 
straight edge along the curve (see Plates I, II, III). 
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Plate VI—Cooling Curves of Bars Welded Under Compressive 
; Plate V—Cooling Curve of Bars Welded Under Tensile Load Load 
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Cooling Curves 


The reference zero strain readings were taken and the 
welding was then done in two semicircular strokes as 
explained in the testing procedure. Immediately after 
one-half of the bar was welded, the first set of three gage 
line readings was taken and the average of the three 
was then plotted as having been taken 5 min. after the 
test commenced. This was done to facilitate the com- 
parison of the different curves. Referring to Fig. 1, 
the bar elongated as the welding heat was applied. Just 
after welding was stopped the bar started to cool and it 
was at this time that our first gage line readings were 


Plate VII—Eccentric Set Curves 


taken. These readings, therefore, were all on a down 
ward slope. Immediately after taking these readings, 
the other half of the bar was welded and it again elon 
gated. As the bar again began to cool, readings were 
taken, until a permanent set was observed (see Plates 
IV, V and VI). 


Permanent Eccentric Set Curves 


These curves represent the final set evidenced in the 
bars along the three gage lines. The zero reference strain 
readings were the same as those described for the cooling 
curves, and the abscissa represents the circumference of 


See 


+ 
4 

+ 

4 


— 


we 


Washer: 


Plate VIII—Elongation of Standard Welded Bars, Inches per Inch 
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Plate IX--Elongation of Bars Welded Under Tensile Load, Inches per Inch 


the bar, zero being the start and rD = 3.93 in. being the a 
end of the weld (see Plate VIT). 


Elongations per Inch Curves 


9 


These curves show as ordinates the elongations for 


each inch of the tension bar 
markings along the reference 
VIII and IX). 


Preparation of 
Bars 


Characteristics of Material. 
heats were used: 


and as 
line of 


Specimens 


Materials of two different 


abscissas the 1-in. 
the bar (see Plates 


From Engineering Materials Laboratory, Uni- 


versity of California, 1'/,-in. round bars. 


From Bethlehem Steel Co., 1'/s-in. round bars. 
Yield point, 39,300 psi.; ultimate, 58,900 psi.; 
elongation in § in. = 29° *: reduction of area 
= 45%; fracture test, O.K.; bend test, O.K.; 


heat number, 4 E 313. 


manganese, 0.77; 


0.045. 


Analysis: carbon, 0.19; 


phosphorus, 


0.026; 


Size and Shape.—Bars used were of three lengths. 
Those from the Engineering Materials Laboratory at 
the University of California were 1'/, in. round and 
18 in. long and were used in tension. 
hem Steel Co. were 1'/, in. round bars of two lengths. 


Bars from Bethle- 


sulfur, 


§ sta % on seis 
inches] | | p.8.1. jinches inches inches inches linches | Legend 
St-1] 1.85 | 25,700] 45,600 - 31,5x10°|32,500] 8 32.0 0.85 | 53.8] - .0018 100,000 |Riehle -06 18 
1.86 | 26,100/47,100 30.6x106/34,000] 8 30.0 0.83 | 65.8] -.0007|100,0009 |Riehle/|.06-.17] 18 &T- Standard Ten- 
3] 1.25 | 26,000/}57,100 - 8 30.8 0.80 | 59.1] -.0004/100,000/ |Riehle|.06-.17/ 18 sion Bars. 
4] 1.25 | 27,800/65,000 a 30.2x106/36,200} 8 31.5 0.75 | 64.0] -.0002]100,000¢ [Riehle|.06-.17/ 18 SC- Standerd Com- 
6] 1.86 | 31,000/ 68,800 29.0x106/39,200; 8 31.2 0.75 | 64.0] -.0915]100,0004 |Riehle|.06-.17] 24 pression bare 
6] 1.25 | 34,200/65,300 27.0x10°|39,200] 8 32.8 0.76 | 62.9] -.0012]100,000¢ |Riehle|.06-.17| 26 — Tension 
are 
1.28 | 27,600/55,800 29.0x105/32,600] 8 25,8 0.98 | 42.2] |Riehle|.06-.17/ 18 LC- Loaded Compres- 
2} 1.26 | 35,000/61,000 30.0x106/35,400] 8 - 0.76 | 62.9] *.0036 |300,0007 |Riehle|.0"-.05] 16 sion Bare 
5] 1.26 | 32,600/56,000/23.6x106/ 52,600] 8 29.5 0.78 | 60.9] #.0189 |300, 000" |Riehie 18 "Standarc” refers 
4] 1.26 | 28 31.6 - 24 to bare welded 
5 | 1.25 | 30.5 - |#,0124/100,090# |Riehle|.06-.17) 24 without and 
6 | 1.26 | 37,800] 63,700] 8 30.0 0.76 | 62.9] *.0190] 100,0004 [Richie -06 24 refers to 
71 1.85 | 39,000/ 65,000] 28.7x105| 8 29.5 - 24 bers welde¢ with 
8 1.26 | 8 30.8 - 24 load. 
| 1.25 | 8 31.8 0.74 | 64.8] +.0086/100, 000% [Riehle|.06-.17] 24 
Welding Dete: 
8C-1 1.26 | 38,500 27..0x10°| 27.0x106|37,500} 8 - - - - -06 16 Machine 
1.85 | 34,000 6 - - 60,0009 | Richle +03 16 "Shield Are” 
3] 1.25 | 537,400 8 - - - -06 16 A.C. Weldon 
4] 1.26 | 37,500 | 28.5x106/ 28,5x10°/ 38,700; - - |100,0004/Riehle 16 175 amps.-70 vate 
1.26 - 39,500} 8 - - |-.0007] 60,000#/ Olsen 16 
1,88] 87,000} - ~ |--0167| 60,000#/ Olsen 295 | 16 dete 
8] 1.25 | 54,200 8 - |--0147] 60,0004) Oleen 203 16 see prge 42. 
3] 1.25 | 35,400 8 - |-.0151] 60,000] Olsen -03 16 
Plate X—Tabulation of Results 
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Bars to be used in tension were 24 in. long and those in 
compression were 16 in. in length with milled ends. 

Markings.—Strain Gage Holes: Three equidistant 
gage lines 120° apart were scratched in a longitudinal 
direction along the surface of the bars. Then on each 
of these lines, marks 10 in. apart were scratched on the 
bar so that a plane passed through any one of these 
scratches perpendicular to the axis of the bar would pass 
through the other two marks. These six marks, two on 
each gage line, were drilled about '/\, of an inch deep 
with a No. 59 drill. These holes 10 in. apart were used 
for measurement of certain deviations in the bar with a 
strain gage. 

Gage Line Holes: Any one of the gage lines was 
taken for the reference line. On that line marks were 
scratched | in. apart. Two of these marks were used as 
strain gage holes. These marks were then center 
punched and accurately measured to '/ioth of an inch. 
These holes were used to determine the elongation of 
each inch in the bar after breaking. 

Strainometer Holes: The two holes punched on the 
reference line 8 in. apart and in the center of the bar 
were used to place two of the pins of the strainometer. 
A line parallel to the axis of the bar was then scratched 
180° from the reference line upon which were to be placed 
the other two pins of the strainometer. Two holes 
punched would determine the 8-in. gage length and the 
gage lines assisted in making the axis of the bar and the 
ax.s of the strainometer coincide. 


Washers 


The washers used were */s in. thick with an outside 
diameter of 2 in. and an inside diameter of 1'/,in. The 
washers were burned from a structural steel plate and 
the hole was chamfered about '/; in. on one side. 


Welding Conditions 


An a.-c. welding machine was used throughout the 
experiments. The welding heat was the same for loaded 
and unloaded members—175 amp. and 70 v.; and the 
same rods were used on all bars heavily coated—tensile 
strength 70,000 to 80,000 psi., ductility 20°% elongation 
in2in. The length of the arc varied from '/\ to '/» 
of an inch and the approximate speed of welding was 
from 2 to 3 in. per minute. While it was attempted 
to make the heat input constant, our methods obviously 
only approximated this ideal condition. The variations, 
however, were not large as revealed on the cooling 
curves (see Plates IV, V and VI). The average size 
of deposited beads was between */,; and '/, in. 
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Destruction Test of a 


66-In. Forged Steel Pen- 
stock Pipe 


UR attention has been called to a very interesting 
paper on the above subject which was presented 
by John L. Cox at the Annual Meeting of the 

American Society of Mechanical Engineers in December 
1927. A brief abstract of the paper is as follows: 

This section of pipe tested is representative of a portion 
of one section of the penstock of the Big Creek Power 
Plant No. 2 near Fresno, Calif., of the Southern Cali- 
fornia Edison Co., with the object of determining the 
elastic limit and ultimate strength, as well as the defor- 
mation and behavior under high pressure. 

Details and specifications of the pipe section are given 
as well as a description of the test arrangement and meas- 
uring apparatus. The test is described and the results 
are given in tabular and graphic form. 

The pipe reached its elastic limit at a pressure of 2150 
lb. corresponding to a tangential stress of 25,000 psi. in 
the steel of the walls, the measured proportional limit 
of the steel at.the ends being 24,500 Ib. The pipe failed 
at a pressure of 5300 lb., which, by the approximation 
of the extended Birnie formula, would correspond to a 
fiber stress of 62,000 psi., compared with an actual ten- 
sile strength of 67,750 lb. The external expansion was 
6 in. in diameter, or 8.3%. The internal expansion was 
6°/s in. in diameter or 9.63%. The mean expansion of 
the wall was 8.96%. The reduction in wall thickness 


at the mid-length of the pipe at the fracture was */j in. 
or 6.25%. The paper closes with a discussion of the re- 
sults of the test. 

The particular interest to the welding people is the 
change in physical properties which took place in the 
metal, which the author states indicated the ‘‘extent to 
which the metal was work-hardened by the cold-working 
to which it had been subjected’’ before the test to de- 
struction. 

Transverse-test bars cut from the metal of the flanges 
of the pipe for test averaged: 


Tensile strength, psi............. 67,750 


Proportional limit, psi............ 24,500 
Elongation in 2 in., %.......... 31.2 
Reduction of area, %............ . 41.5 


After the test transverse-test bars were taken at the 
root of the lower flange where the expansion was 2% due 
to the restraining influence of the flange, the results aver- 
aging: 

Tensile strength, psi. 64,000 

Yield point, psi. . 43,500 

Proportional limit, psi........ .33,500 

Elongation in 2 in., %........ ie ee 

Reduction of area, %.. 53.7 

A transverse-test bar was also taken at the mid-length 
of the forging where the expansion averaged 8.96%), which 
gave: 


Tensile strength, psi... ..75,000 
68,000 
Proportional limit, psi... ... 50,000 
Elongation in 2 in., %............ 
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remarkable speed, the absence of preparation prior 
to welding and the fact that the U.T. strength of a 
flash weld is not merely equal to the parent metal but in 
many cases exceeds it. 

It is surprising, therefore, that so little literature is 
devoted to the subject and so little information is avail- 
able to the engineer, particularly since the range of appli- 
cation covers cross sections from a fraction of a square 
inch up to 40 and even more square inches. The applica- 
tions are admittedly somewhat limited as only identical, 
or nearly identical, sections can be flash welded together 
but this is no real obstacle where the workpieces are 
properly designed for flashing. 

The process of flash welding was evolved in 1917 from 
butt welding, itself discovered in 1866 by Thomson. 
Most of the technical developments were completed by 
the middle 1920's. Since that time, the development of 
flash-welding machines has been mainly toward still 
larger sizes and to automatization. 

As previously stated, the literature on flash welding is 
scanty, particularly when compared with fusion welding, 
and it will be attempted here to fill in the most obvious 
gaps. The process has never been adequately explained 
as it was taken more or less for granted; any tests 
carried out were almost invariably tensile ones giving 
high figures. 

On the other hand, it was felt by many that a tensile 
test alone does not fully determine the mechanical proper- 
ties of a joint, particularly of the flash-welded joint, and a 
serious attempt has been made to cover the subject of 
fatigue resistance by H. Kilger, working for some years 
at Siemensstadt. 

The results of this work were published in 1936 but 
owing to the somewhat unfortunate and laborious manner 
of presenting his otherwise excellent material, the book 
has not attracted the attention it deserves owing to the 
thoroughness of the tests and the wide field covered by 
the investigation. 

It is intended, in this article, to give a clear and com- 
prehensive picture of the mechanism of flash welding, to- 
gether with such data as Kilger and others have published 
from time to time. 


y \HIS process appeals to every engineer owing to its 


The Welding Machines - 


The electrical energy required to heat the workpieces 
is obtained at high amperages and low voltages trans- 
formed from the main supply by means of a drooping 
characteristic transformer with a number of steps. The 
cover of the transformer housing is provided with two 
clamps, one of which is stationary, whereas the other 
moves on slides so that the two clamps are arranged in a 
similar manner to the head and tail stocks of a lathe. 
These two clamps are connected, respectively, to the two 
secondary terminals of the transformer, of which one is 


* This article aims at giving a clear and comprehensive picture of the mecha- 
nism of flash welding and includes experimental data from German and other 
Reprinted from Welding, March and April 1943. 


sources. 


Flash Welding 


By L. A. Ferney 
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SECONDARY CURRENT Jz in A 
Fig. 1—Static Characteristic of Flash Welder Used 


flexible and is connected to the moving clamp. The 
moving clamp also transmits the necessary welding pres 
sure. The static characteristics of the machine used for 
most of the tests referred to below are shown in Fig. |. 


The Welding Cycle 


Preheating 


After the workpieces have been aligned and clamped 
the welding process is started by switching the current on 
and bringing the workpieces together under a small 
pressure by operating the patten handwheel. As the 
ends are rough contact will occur only at a small num- 
ber of points through which currents of great density will 
pass. This will result in a considerable local (and a 
smaller general) heating of the workpieces in the gap and 
a consequent small longitudinal expansion. 

At this point (about one second after starting) the 
patten is moved back again for the operation to start 
anew, and we would now refer to Fig. 2 which is an 
automatic record of the process, somewhat similar to the 
indicator diagram of a steam engine. 

This diagram shows a peak in the power-consumption 
curve corresponding to the first contact obtained during 
the preheating period. The subsequent peaks show the 
further contacts, and it is interesting to note that there is 
a slight rise in the power consumption at every short cir 
cuit. The travel graph also shows that after each short 
circuit there is a slight loss in length due to sparking. 

After each interruption of contact between the pieces 
there is a temperature drop of the welding faces and a 
spreading of the heat into the body of the workpieces, so 
that in the pauses between short circuits there is a leveling 
of the temperature of the clamped length. of the work- 
pieces; thus the whole clamped lengths are considerably 
warmed up during the preheating process. The expat- 
sion caused by this general temperature increase will 
slightly compensate for the loss of length occasioned by 
the sparking. 

After every short circuit the true contact area is in- 
creased and the current density decreased more and 
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Fig. 2—The Welding Cycle. 
(b) Patten Speed; (c) Power Input 


more, but the consequent reduction of the heating rate is 
more than compensated for by the increase of resistivity 
owing to the general increase in temperature of the work- 
pieces. 

Again referring to Fig. 2, it will be seen that there is 
more and more loss of length toward the end of the pre- 
heating stage, i.e., there is more and more sparking, which 
occurs at the opening of each short circuit. Thus, the 
preheating stage becomes more and more like the next — 
the flashing stage. 

Flashing 

One of the effects of this sparking is the greater increase 
of the true contact areas between the workpieces, and the 
rate of sparking is an indication to the operator when to 
start flashing. 

The latter process should begin when the 
welding ends have reached the correct tempera- 
ture; there is no interval between the last pre- 
heating short circuit and the beginning of the 
flashing. Figure 2 shows that in this particu- 
lar case, flashing began after 11 preheating short 
circuits. 

To obtain flashing, the patten is fed forward 
slowly at a rate equal to the burn-off caused by 
the sparking during this stage, i.e., speed of 
feed must equal flashing rate; there must be no 
contact between the workpieces, but the gap be- 
tween them must be very small and constant. 

There are, actually minute points of contact 
between the two workpieces, through which 
current will pass, subject them to very heavy 
heating so that the material in them is liquefied 
almost instantaneously and a bridge of liquid 
material is formed at these points (see Fig. 3). 
The shapes of these bridges is given in the 
main by the surface tension forces, but they 
are ali characterized by a throat, approximately 
at their center; the liquid metal of these bridges 
reaches boiling point very shortly and the 
vapor pressure thus developed serves to ex- 
plode the bridge. The sparks are therefore 
thrown out with considerable velocity, which is 
further increased by the very strong magnetic 
field tending to despatch them in a direction at 
right angles to the flow of current. It will be 
noted from Fig. 2 that the power taken dur- 
ing this flashing stage is only a third of that 
required for preheating. 

It will be obvious from a description of the 
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(a) Patten Travel (Flashing); 


the joint, i.e., it is localized and the 
temperature curve drops off steeply 
from the joint toward the clamps so 
that there is no general heating up of 
the workpieces in the gap as occurred 
during the preheating stage. 

As soon as a bridge piece, as described above and illus- 
trated in Fig. 3, is exploded, crater-like, rough surfaces 
are left on both workpieces. These rough crater edges 
will form subsequent contact points. Thus each explo- 
sion is helpful in the creation of new ones and the process 
is a ‘snowball’ one. The sparking increases in intensity 
with time, and this also can be seen from Fig. 2 where 
curve B (speed of patten travel) increases fairly steeply 
as the flashing proceeds. The continuous change of loca- 
tion of the ‘“‘bridges’’ over the whole cross-sectional area 
of the joint leads to a uniform distribution of the flashing 
throughout this area. 

The individual sparking phenomena thus described 
take place at such a frequency that the impression given 
is of acontinuous process. This continuity does not only 
produce uniform heating of the weld faces, but also pre- 


Fig. 4—Welding Faces of 30-Mm. Diameter Bars After 15 Sec. 
Flashing 
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Fig. 5—Vertical Sections Through Welds Shown in Fig. 4 


vents, through the production of metallic vapors, the 
attack of the welding faces by the ambient oxygen which 
is absorbed by the more easily burning sparks. In other 
words, a kind of protective atmosphere is created during 
the flashing process. 

The picture of the process thus given has been proved 
to a large extent by taking photographs of the welding 
faces on interrupting the flashing process (Figs. 4 and 5); 
these clearly show the crater formations at various cur- 
rent settings of a butt-welding machine. 

The two sets of pictures (Fig. 4) were taken on a low- 
and high-current tapping, respectively, of the trans- 
former and clearly show that the greater the energy input 
into the weld, the more pronounced are the crater forma- 
tions. An important deduction drawn from these figures 
is that with excessive energy porosity may occur. In 
other words, there is an upward 
limit of the rate at which energy 
can be put into the weld during the 


It was also found that the final patten vel, 


vary considerably, and that for a given current tea 
there is a ratio between preheating and flashi; g times 
after which the final flashing velocity reaches 4 steady 
maximum. 


Upsetting 


Obviously the main factor during the upsetting stage 
is the value of the pressure applied, as it is this pressure 
which will mainly determine the quality of the welg 
This matter will be referred to again when discussing the 
strength of welds. 

To obtain information as to the requirements during 
the upsetting stage, it was found essential to examine a 
large number of defective welds produced during the 
preparation of several thousand flash-welded test speci. 
mens. It was found that generally the tensile strength 
of a flash-welded joint is not much influenced by the up- 
setting pressure applied within very wide limits, so that 
the tensile strength could not serve as a criterion in this 
instance. 

When the fatigue strength of specimens was below 
that of the parent metal it was found that gas and slag 
pockets had been formed in the weld, and this led to the 
conclusion that the quality of a joint is determined by the 
quantity of included oxidized products. From this it 
was considered that upsetting pressure is not the only 
factor during the upsetting stage. The other factors 
coming into the question of the quality of the welded 
joint are those participating in the formation and sub- 
sequent expulsion of slag, e.g., the amount of energy 
put into the weld (as a measure of the preheating and 
flashing rates) and the upsetting conditions (as a measur 
of the purifying effect on the weld). The welding time 
plays a certain part on the quality of the weld as it will 
affect the temperature distribution in the workpieces and 
thus, also, the distribution of the mechanical work done 
during the upsetting on the joint itself and the parent 
metal behind it. 

All these factors and problems are closely connected 
with each other and led to the conclusion that slag ex- 
trusion and finally its removal from the joint are the real 
crux of the problem. Since it was found that welds 
carried out at a high-current tapping of the machine had 
better mechanical properties than those carried out with 
less current, the conclusion reached was that a steep 
temperature gradient is essential for a good joint as the 
upset will act in a harder manner in such a case. 

Considering solid workpieces, e.g., bars, it will be clear 
that the expulsion of the oxidized products must take 
place from the center outward and it has been shown that 
in case of large specimens, the central or core part of the 
specimen is almost invariably free of any slag inclusions 
whereas the edges or areas near the circumference are 
liable to show such faults. 

It was found that corresponding to any given upsetting 
pressure there is a circle of a definite diameter which is 
quite free of slag, and the bigger the pressure, the bigger 
will be this core which is free of slag inclusions. 


“T.T." TRANSFORMER TAPS 


flashing stage. 


A further investigation was 
carried out, related to the patten 


velocities at which the flashing 
takes place and these were found 


to depend to a large extent on pre- 
heating times; the greater the 
preheating time the greater was the 
final flashing velocity. 
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Fig. 6—Patten Speed When Welding 30-Mm. Diameter Bar 
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Size and Shape of the Weld Cross Section 


it has been shown that the good mechanical pri yperties 
of the flash weld are accounted for mainly by the absence 
of anv impurities in the joint. Itis clear that the shorter 
the path of the slag, the easier will be its expulsion, i.e., 
from the core of the section to its perimeter. Also the 
vreater the perimeter in proportion to the area the more 
~asily will the slag particles find their way out of the joint. 

“Hence small cross sections and those of a complicated 
shape (as compared with a circle) will produce relatively 
better welds than solid sections: circles or square. The 
suitability of a cross section for flash welding can there- 
fore be expressed mathematically. It is the ratio of cir- 
cumference (perimeter) to area. Fora circle P/A = 4/d 
where d is diameter. P = perimeter and A = area. 

The greater this ratio the easier the welding of the 
section. Thus a 1-in. circle has a weldability factor of 4 
whereas for a '/s-in. circle the factor is 8. 

In the case of a square of side a the ratio 


P 4a 4 


A a 


and the smaller a the easier is such a cross section to weld. 
For a rectangle of sides a and 5, the ratio becomes 


ab 
In the case of an annulus (pipe): 


P _ 4(D +d) 4 


A x/(D?—d*) (D?*—d*) (D-—d) 


The geometrical disadvantages of a solid round section 
are somewhat offset by the smaller radiation losses, be- 
cause such a section will have the minimum surface (for a 
given area). In fact, if the shape of the cross section 
has an excessive perimeter, the radiation losses may be- 
come extravagantly high. 

We have now examined in detail all the stages of flash 
welding and have a general picture of the process. We 
must add a few remarks to complete it. When discussing 
preheating we mentioned an investigation carried out on 
flashing velocities. 

The point arises in connection with the explanation of 
the operation of the machine. It was explained that 
during the flashing the operator must maintain a constant 
gap between the workpieces, i.e., the speed of feed of 
patten must equal the rate of flash-off. Now, it is clear 
that the latter is governed mainly by the rate of energy 
input and influences the whole tempo of the welding. 
Patten speed is thus an important indicator for a par- 
ticular welding joint. In Fig. 6 we give an “indicator 
diagram” showing patten velocities. This shows that 
the patten velocity increases during flashing reaching a 
maximum value toward the end, whence a “mean final 
velocity”’ can be found. These mean final velocities are 
plotted against flashing time and preheating time in 
Figs. 7 and 8. Figure 9 shows mean final flashing 
velocities plotted against a base of ratios of preheating— 
flashing times. 

These curves were obtained from a series of tests on 30- 

mm. diam. round bars (1.2 sq. in. area) during which 
flash-offs of between 16 and 21 mm. were measured. Of 
these length losses 6-7% were incurred during preheating, 
(7-78% during flashing and approximately 16% during 
upsetting and these ratios were almost constant and inde- 
pendent of machine setting, etc. 
_ Figure 7 shows that the end velocity increases with 
increased power input. Figure 8 shows that with the 
increase in preheating time the end velocity tends to 
reach a maximum for a given current setting. 
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Figs. 7 to 9 (7 and 8 Above)—Influence of Rate of Power Input 
and of Length of Preheating on Mean Fimal Flashing Velocity 


These results must be considered in the light of our 
observations on the effect of upsetting, during which slag 
is squeezed out of the joint. Since flashing merges into 
upsetting without any time interval, the final flashing 
velocity will influence the upsetting effect to a consider 
able degree. Upsetting must be regarded as a dynamic 
phenomenon and the squeeze it produces will depend on 
the speed of upset and the resistance offered by the weld 
faces almost as much by the upsetting pressure. 


Temperature Rise in the Joint 


Kilger thoroughly investigated the temperature rises 
in flash welding with the aid of thermocouples and a 6 
loop oscillograph. An interesting presentation of his 
results is shown in Fig. 10 which clearly shows the in 
fluence of increased power input on the maximum tem- 
perature reached in the joint and the temperature dis 
tribution. At the highest current setting the maximum 
temperature reached was 1450° C., at the lowest, 1700° 
C. Moreover, at the higher current settings very much 
steeper temperature gradients were obtained. 

Peak temperatures are reached at the joint at the in 
stant the current is switched off. 

At sections removed from the joint temperatures tend 
to increase slightly even after the current has been 
switched off. They then fall rapidly. Clearly, the 
steeper the temperature gradient the more economical the 
process, and the limit is given only by a tendency to 
porosity when welding is carried out at excessive currents. 

A metallographic investigation showed that the longer 
the welding times (the smaller the welding current used) 
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The recrystallization is not completed at the Pe 
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> end of 
welding process but continues under the influence of a 
heat traveling from the welding faces into the speci ¢ 


Mens 


Strength and Hardness 


Mild steel is hot rolled between Ar, and Ar, points and 
will recrystallize on reheating below A;; this, . 


senerally 
leads to a slight drop in the elastic limit, and this wy 
apply equally to a fully normalized steel. ' 


If the rolling 
was carried out above A;, then a subsequent heating wil 


produce an improvement of mechanical properties ass, X- 
ated with grain refinement. 


In the case of a flash-welded mild steel, the tensile 


specimen will show necking on either side of the weld ang 
it will eventually fracture at one of these necks. Th, 


weld shows only a small reduction of area; fracture 


through the weld occurs but seldom and only due to , 
serious welding fault. 


A preliminary series of tensile tests was carried oyt 


with cylindrical specimens 25 mm. in diameter with a 
parallel length of 270 mm., with four mild steels with car. 


bon content varying between 0.09 and 0.13%. These 
stocks showed elongations of between 25% and 30% and 


reductions of area between 55% and 63.5%. 
The welded specimens (with the joints in the center 


on pulling showed elastic limit values of 98 to 103° oj 
their respective stock; U.T.S. between 99 and 104°. 


elongations of 67.8 to 74.6%; reductions of area between 


10% and 13.3% of the stock. The distance of the frac. 


ture from the end was also measured and found to vary 


/ 2 3 } 
TIME IN SECONDS 


Fig. 10—Temperature Gradients of Specimens Welded with 
Different Transformer Tappings 


from 55 to 103.5 mm., there being a certain relationship 
between length of welding time and distance of fracture, 
although there was no connection between this and the 
position of the heat-affected (fine grain) zone. 

The low reduction of area was carefully investigated. 

It was considered that this low value was a protection 
against fracture occurring in the weld, but two investiga. 
tions were carried out: the first to ascertain the strength 
of the actual joint; the second to investigate the tensile 
strength of various sections between the joint and the 
unaffected stock. 

The first of these two investigations was carried out by 
a series of tensile tests, with specimens the diameter o/ 
which was turned down over the weld (see Fig. 11). The 
U.T.S. of four such specimens was 5 to 8% higher than 
the parent metal. This was deemed sufficient proof to 
show that welds would not fracture. 

The second investigation was carried out by a series of 
tensile tests on 0.13 C steel bars, as per Fig. 12, where the 
diameter at the bottom of the turned notch was 18.5 mm. 
It will be clear from the sketch that in each specimen the 
distance between joint and notch was different; in each 
case the center of the joint was determined by etching. 
All specimens but one showed a strength greater than the 
stock. No direct relation could be found between 
strength and the zone of refinement. 

In the case of the water-quenched specimens there 
was an increase in strength of up to 60% as compared 
with the stock, the maximum value being obtained be- 
tween 5 and 10 mm. from the joint. From the maximum 
value the strength decreases to the normal value at a 
distance of 25-30 mm. from the joint. : 

The important conclusion of this series of tests (and of 
a subsequent one where the tensile strengths were meas- 
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ured indirectly by hardness explorations) was that not 
only was tke actual joint but also the whole heat-affected 
zone stronger than the parent metal. 

Kilger carried out a considerable amount of experi- 
mental work on the fatigue strength of flash-welded 
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Fig. 11—Weld Specimen -— oo Reduced at Center of 


WELD 


260 
Fig. 12 Welded Specimen with Deep Turned Notch at Center 
of Weld 


joints, and devised his own procedure and 
testing machine to obtain best results for the 
work in hand. It was felt that Wohler’s pro- 
cedure would entail the testing of too many 
specimens and therefore, in general, the 
recommendations of the Brunswick Techni- 
cal College were followed: 

At the beginning of each fatigue test the 
specimen was loaded lower than the expected 
fatigue strength; after every 2 million stresses 
the load was increased by 1 kg./mm.* until 
the specimen fractured. The maximum load 
carried with the full 2 million alternations 
without fracture was taken as the fatigue 
strength, with an adjustment for the next 
higher (fracturing) load, depending on the 
number of alternations the specimen with- 
stands at the fracturing load. As a rule the 
loads are so chosen that fracture occurs at 
the third loading step. Thus the Brunswick fatigue 
testing method gives a fatigue strength value for 
each specimen used. According to Tépfl it gives values 
some 20% greater than Wohler values. 

The gradual stepping up of the load easily leads to a 
‘reinforcing’ of the specimen, particularly if the loads 
applied lie near the true fatigue strength. Very mild 


steels may be fortified by this testing procedure by as 


Fig. 13—Kilger’s Fatigue Testing Machine 
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much as 30%. Kilger took this phenomenon into ac 
count when evaluating his experimental results, and 
states that no disadvantages have resulted from such 
adjustments. 

Kilger felt that to obtain a true picture of the relation- 
ship between welding technique and quality of the joint, 
the specimen must be very nearly the full size of the weld. 
For this reason he could not use Schenk’s fatigue testing 
machine, and a testing machine was constructed capable 
of taking specimens up to 31 mm. diameter. It is illus- 
trated in Fig. 13. The specimen is driven at 1850 r.p.m. 
by means of a d.-c. motor, and is loaded at the center 
through a ball bearing. Push-button control and auto- 
matic stopping of the motor after 2 million revolutions 
are provided. There is also a gear-driven counter. The 
accuracy of the results depends on the accuracy of the 
measurement of the weights, leverages, bearing distances, 
specimen diameter and distance of fracture from the cen 


Fig. 14—Fatigue Fracture of Unwelded Material. » 1 55 


ter of the machine. The limits of accuracy were calcu 
lated and found reasonable; thus for specimen No. 105 
the fatigue strength was found from experimental results, 
measurements and calculations to be 12.1 kg./mm.* 
The limits in this case are 12.45 and 11.95 kg./mm.* or 
+2.89 to —1.24%. 


Test Program 


In the first instance the fatigue strength of 
the stock was determined both in the “as- 
drawn” condition and after grinding. The 
criterion for the assessment of the joints in 
cluded both the welding technique and the 
mechanical preparation and machining of the 
specimens. As far as welding procedure was 
concerned, it was desired, in the first instance, 
to ascertain the influence of power input and 
of welding time; second, that of upsetting 
pressure. 

The aims in the preparation of the speci 
mens were, on the one hand, to bring out 
certain causes of failure, and, on the other, to 
approximate the specimens to the actual appli- 
cations. 

Butt welded joints are usually dressed 
while still warm; it is thus possible that the 
weld surface has nicks, slag inclusions and other 
irregularities which would favor fatigue crack 
creation. 

The specimen is not homogeneous owing to 
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grain size differences, residual stresses, etc., and as it was 
desired to investigate the effects of these irregularities 
on fatigue strength. Surface irregularities had to be 
removed in order to eliminate their somewhat similar 


effects; consequently, series of tests with ground speci- 
mens were undertaken. 


Fig. 15—(Left) Start of a Fatigue Crack. Fig. 16—(Right) 
Advanced Fatigue Crack 


The residual stresses caused by rapid cooling can reach 
considerable values; X-ray photos have shown, however, 
that flash-welded joints are better in this respect than 
fusion-welded ones. To investigate the influence of 
these residual stresses on fatigue resistance, a series of 
tests was carried out with welded specimens in which the 


residual stresses were deliberately increased by water 
quenching. 


Results 


The polished specimens were first turned and then 
hand polished with sand paper and afterward brought to 
a bright finish with a clay preparation. After the fatigue 
test, the specimens, which were not fully fractured, were 
broken. Figure 14 clearly shows the coarser structure of 
the core; in this instance the fatigue failure took place 
from both sides (a,a). Figure 15 shows the beginning of 
a break and Fig. 16 a break which has considerably pro- 
gressed. 

Fatigue tests on unwelded stock showed a strength of 
16.5 kg./mm.* for the “‘as-drawn’’ specimens and 19.8 
kg./mm.? for the polished ones. 

The next two series of tests were carried out with 
dressed welded specimens the diameter of which at the 
weld was slightly swelled. They all broke outside the 
weld, and the fatigue strength was again 16.5 kg./mm.? 
as was to be expected, since grain size has no bearing on 
the fatigue strength. Welding time has no effect, either, 
as these tests show. 

The polished specimens had a maximum fatigue 
strength of 18.5 kg./mm.? being 6.5% lower than that of 
the unwelded stock. None of these specimens broke in 
the joint. Here again the fatigue strength was inde- 
pendent of the welding time. 

An extra series. of tests with very high power input 
(about 10 times the normal) and short welding times 
(about one-fourth of normal) showed a large number of 
failures in the joint, although their actual fatigue 
strength was fairly high. 

The water-quenched specimens had a strength of 5.6% 
greater than the air-cooled ones. It can be safely de- 
duced, therefore, that residual stresses do not affect the 
fatigue strength unfavorably. 

One hundred and thirty-two fatigue tests were carried 


out and the results, as outlined above, are tabulated in 
Table 1. 
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Table | 
Description of Specimens 
Welding Fatinn 
and Surface St 
Test Series Materials Treatment Condition Kg od 
I C,D,E,F, Not welded Polished 198 
II E,F,M Not welded ‘‘As-rolled’”’ 16.3 
IIIandIV A,B Welded; Weld dressed. 16 & 
cooled in no other 
ail treatment 
V, VI, VII C, D, E, F Welded; Weld turned = 18 - 
cooled in and polished 
air 
VITI-IX A,B Welded; Weld dressed 76 
water 
quenched 
Welded; Weld turned 70 
water and polished 
quenched 


The following conclusions may be drawn from Kilger's 
fatigue tests: 


1. The surface finish of the specimen has a greater 
influence on its fatigue strength than the weld. 

2. Specimens having the flash dressed (and no other 
mechanical treatment) will not fracture through the 
welding owing to both the inherent strength of the weld 
and the increase of the cross section at the joint due i 
upsetting; thus small welding defects will not cause fai!- 
ure at the joint. 

3. Polished specimens may be assumed to have the 
same fatigue resistance as the stock. 

4. Residual stresses in the weld do not reduce the 
strength of the specimen. 

5. Within wide limits welding time does not affect the 
fatigue resistance of the joint. But specimens welded 
with excessive currents and with very low times have a 
tendency to fracture in the joint. 


From the tests’ results described previously it may be 
said that any joint failing in the weld is a faulty one. 
Such failures disclosed by fatigue tests are particularly 
telling, and even small faults such as oxide inclusions, 
ack of fusion, etc., become apparent by this test. Thus, 
faulty welds present good material for investigating the 
various phases of the welding process. 

The 14 faulty joints which occurred during the fatigue 
strength investigation can be divided into three groups 
according to their welding times. To the first group be 
long two specimens welded in 57 and 58 sec.; one was air 
cooled, the other water quenched. Fracture started 
from two minute surface faults caused by oxide inclu- 
sions. The strength was quite high. 

The second group comprises three welds of about 4) 
sec. duration whose fatigue strength is on the average 
14% below that of the stock. The fractures show dark 
inclusions. 

To the third group belong nine specimens, all from 
series VII of the fatigue test, i.e., they were carried out 
with an excessive current. The welding times were 
between 7 and 14sec. Strength varies widely. Those of 
reasonable strength have unexceptional fractures such as 
might have occurred with the stock material. Those of 
low strength, however, show quite different fractures 
the lower the strength the greater the number of oxide 
inclusions, porosity, bright and dark patches. The 

edges show the dark discoloration usually associated with 
oxidation from the ambient air. 

Welds with slag inclusions and other faults at the edges 
have very different fatigue strengths. It can therefore 
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Fig. 17—Cross Section of a Weld Under Upsetting Pressure. 
Lines ps, Ps, etc. = Lines of Equal Pressure; p; = max., px 


be assumed, on the one hand, that there is a 
connection between the welding procedure and 
strength and, on the other, that welding faults 
such as porosity, oxide inclusions, etc., do not 
have the effect of sharp notches. 

Therefore the low fatigue strength of faulty 
joints can be interpreted as being due to the 
reduction of the effective cross section of the 
joint. 

Examining now all the faulty welds one can 
generalize to the extent of saying that the 
shorter the welding time the lower was the 
fatigue strength. One can therefore say that 
there are probably several procedure faults 
causing these failures and that these become 
more pronounced with a decreasing welding 
time. 


Upsetting Pressure and Strength of Joint 


As one of the procedure faults might easily 
be an insufficient upsetting pressure, this was 


Fig. 18 (Above) and Fig. 19 (Below)—Fatigue-Fractured Welds. 
C = Slag Inclusion 
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separately examined by means of two further series 
of tests which confirmed that (a) with manually oper- 
ated machines there can occur wide variations of up- 
setting pressure, and (b) that the pressure has a con- 
siderable influence on the fatigue strength. From the 
fractures of the specimens in these series a picture of 
the mechanism of slag expulsion was obtained. 

Consider a cross section containing the actual joint dur 
ing upsetting; it is in a plastic condition and any particle 
lying near the edges of it will be displaced laterally 
(toward the edge) more easily than one lying near the 
center. This shows that there must be a pressure drop 
from the center to the edges of the section. Actually, 
this pressure drop can be proved from the mechanism of 
the operation. Figure 17 shows diagrammatically lines 
of constant pressure (isobars) as would occur when two 
plastic bodies of some depth are pressed together. The 
line Py is not only the isobar for zero pressure but also 
represents the boundary or edge of the section. The 
isobars are supposed to be at equal pressure intervals. 


Fig. 20—Apparatus for Measuring Upsetting Pressure 


Consideration of this diagram will show that the core 
will be freed first of overheated particles (to which belong 
all undesirable impurities). Figure 18 clearly illustrates 
the slag expulsion from the center toward the edge, where 
owing to a reduced pressure it widens out. A bottle-neck 
was formed at C. The next stage, when the material has 
cooled down and the pressure increased, is shown in Fig. 
19 where the slag forms a number of channe's. 

The above-mentioned two series of tests on the effects 
of upsetting pressure were qualitative only, as the pres- 
sures were not measured. We will now discuss some 
comprehensive tests on the effects of upsetting pressure: 

The preliminary tests showed that to effect a good 
weld two conditions must be fulfilled: (1) the complete 
expulsion of slag from the joint; (2) the complete inter- 
growth of the crystals of one workpiece with those of the 
other. The latter is sometimes, somewhat misleadingly, 
called ‘“‘recrystallization.” 

Both, undoubtedly, require a considerable pressure, 
but the speed of upsetting and the temperature of the 
joint are of great importance. 

To measure the value of the upsetting pressure a “‘loop”’ 
type pressure measuring gage or dynamometer was used. 
This is shown built into the butt welder (extreme left 
hand of Fig. 20). The gage is machined out of a solid 
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piece of spring steel. 


mechanical hysteresis. 


The stationary jaw of the welder had to be modified to 
permit the lateral movement of the specimen and thus to 
transmit the upset pressure to the gage. 


The ring so formed is provided 
with two external, aligned pressure transmitting flanges. 
The deflection of this loop spring is measured by means of 
a 5:1 leverage system and an indicator dial. 
acteristic of these loop dynamometers that they have no 


It is char- 


The accuracy 


welding current is used). 


the weld. 


the parent stock. 


of the pressure determination is affected by frictional 
losses which were found to amount to 30 kg. 


The advantage of this setup is that the pressure can be 


read continuously, and the maximum can thus be easily 


determined and this value was the one actually recorded 


as the upsetting pressure. 


It was decided to investigate the influence of the up- 
setting pressure on the following mechanical properties: 
(a) bending, (b) tensile strength, (c) static impact value. 


(d) continuous dynamic impact, (e) fatigue. 
The specimens used are illustrated in Fig. 22. 


(a) Bend Test.—The angle through which a specimen 
will bend is a measure of its toughness, or, rather, of a 


combination of toughness and 
strength. The joint is symmetri- 
cally disposed with regard to the 
mandrel. As almost all parallel 
sided specimens would bend through 
180° it was decided to provide all 
specimens with a nick. Such speci- 
mens did, in fact, give differential 
results. 

(b) Tensile Test-—As previously 
stated, the tensile test affords little 
material for comparison between 
flashwelded specimens. The main 
object of this series of tests was 
to determine how low the upset 
pressure must be to make the speci- 
men fracture in the weld. This was 
found to be 0.85 kg./mm.? 

(c) Impact Test (Static).—There 
is no known connection between 
this value and other mechanical 
properties. But it gives an excel- 
lent picture of the crystallographic 
structure of the specimen. It is 
pre-eminently suitable for critically 
determining the properties of welds. 
On the other hand, the relatively 
small ratio of test to original cross- 
sectional area (50:700) has the 
effect of showing up unduly the effect 
of small welding defects. As a 
consequence, the graph in Fig. 21 
shows considerable straying; how- 
ever, it can be said that the im- 
pact value improves with upsetting 
pressure; the best values seem to 
be obtained when the upsetting 
pressure is 2.3 kg./mm.* or over, 
probably due to structure improve- 
ment. Even ata pressure of 3 kg./ 
mim.*, however, the impact value is 
still much lower than that of the 
parent stock. 

(d) Continuous Dynamic Impact 
Test.—This is carried out in a Krupp 
testing machine. The weld lies in 
the reduced section. After every 
impact the specimen is rotated 
through 180°. The dynamic 
strength is judged by the number of 
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etc., of the weld. 


impacts which the specimen will sustain before frac 
The graph shows a jump in this value when the up 
pressure reaches 2 kg./mm.? (or 1 kg./mm.2 ij 


(e) Fatigue Strength—All but one specimen brok 
The fatigue strength rises markedly with un. 
setting pressure, particularly in the lower zone 
about 3.5 kg./mm.’* the strength reaches nearly tha; 


turing 
Setting 
a high 


C in 


+ 


Welding Technique and Properties of the Joint 


We can now generalize on the connection betwee: 
what may be called welding technique and the strength 
With the former we can also conven. 
ently review the influence of the size and, in particular 
shape of the cross section of the item to be welded. 


The many series of experiments and tests briefly ¢, 
scribed give conclusive evidence that any reduction of thy 


stock is due to slag and gas inclusions. 


mechanical properties of the joint as compared with the 
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Fig. 21—Influence of Upsetting Pressure on Mechanical Proper- 
ties of the Weld 
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Fig. 22—-Dimensions of Specimens 


The amount of these present in the joint depend on 
the magnitude of the upsetting pressure, the rate of 
power input and the velocity of upsetting. The rate of 
power input (i.e., current) is important because it will 
determine the temperature rise, gradients and distribu 
tion. Current and time (rate of power input) also deter- 
mine the plasticity of the welding ends and thus affect 
also the hardness of the upsetting impact. Up to a 
point the greater the power input the better became the 
mechanical properties. 

It will be seen that pressure, current and time are closely 
interlinked. Another consideration is the ‘clamped 
length,” i.e., the distance between the end of the jaw and 
end of workpiece. This distance is, however, fairly well 
standardized by good practice. (For mild steels the 
clamped length usually equals 1.5 diameters of bar to be 
welded. ) 

Furthermore, the shape of the cross section to be 
welded, i.e., ratio of perimeter to area plays an important 
part in slag expulsion and consequently the values of 
pressure, current and time must be chosen not only in 
accordance with the area but also with the shape of the 
workpieces. 

These conclusions were drawn mainly from the values 
of a fatigue test with a revolving specimen as this test 
was found to be the most critical. 

While temperature and time are important factors, 
the main factor to be controlled during welding is the 
upsetting pressure. 

These tests and conclusions refer actually to mild 
steel but undoubtedly in high-tensile and heat and notch 
sensitive steels the critical points observed will become 
more pronounced and the general conclusions will apply. 


Reviews of Recent Foreign Welding 
Literature 


Epiror1iaL Note—TZhe Welding Research 


Council is unable to obtain current foreign welding 


Literature and these abstracts are taken from the Welding Literature Review published by the Institute 


of Welding. 


DEVELOPMENT AND PRESENT POSITION OF FLAME-HarRD- 
ENING ON THE GERMAN STATE Rattways. Ill. Auto- 
gene Metallbearbeitung, vol. 33, 1940, Oct. 1, pp. 229 


aol. 


The author describes and illustrates numerous ex- 
amples of parts used by the German State Railways, 
which are subject to heavy wear and have been success- 
fully flame-hardened in the State Railway workshops. 
(Abstracted in Bull. of the Iron and Steel Inst. 1942, Nov. 
p. 15A.) 


THe SuITABILITY OF PROPANE AND MIXTURES OF PRO- 
PANE AND ACETYLENE FOR FLAME-HARDENING. Au/o- 
gene Metallbearbeitung, vol. 33, 1940, April 15, pp. 
93-98; May 1, pp. 105-115. 

The author reports on a complete investigation of the 
commercial and technical possibilities of using propane 
or propane-acetylene mixtures for flame-hardening steel. 
The use of propane was found to be unsuitable on eco- 
nomic grounds, not so much because of its low rate of 
combustion or’‘low flame temperature, but rather be 
cause of the chemical composition of propane, which re- 
quires so much oxygen to burn it in a manner suitable for 
flame-hardening that the cost is prohibitive. (Abstracted 
tm Bull. of the Iron and Steel Inst. 1942, Nov., p. 15A.) 


1943 


FLASH WELDING 


DETERMINATION OF THE EXCESS OF ACETYLENE IN RELA- 
TION TO THE BLUE-FLAME LENGTH AND CARBURIZA 
TION TESTS IN WELDING. Ill. Auto 
gene Metallbearbeitung, vol. 35, 1942, Jan. 1, pp. 2-12 
From the results of tests with the oxyacetylene weld 

ing torch and on metal deposited with it the author es 

tablished a method of calculating the amount of excess 
acetylene for the ratio of the blue-flame length to that of 
the small white cone in the flame. He also plotted 
curves showing the relation of the increased hardness ob 
tained to the amount of the excess acetylene. The limit 
of weldability using a flame with excess acetylene is 


reached when the above ratio is 2.5-3.0 Abstracted in 


Bull. of the Iron and Steel Inst., 1942, Nov., p. 19A. 
AGA-TIeFScHWEISSUNG. Ill. (In French and Ger 
man.) (AGA welding in depth.) Zettschrift fur 


Schweisstechnik, vol. 32, 1942, Oct., pp. 258-261. 
The author deals with a gas-welding procedure de 
scribed in Autogene Metallbearbeitung for Aug. 1, 1942. 


.Taking rightward welding as a basis for comparison, the 


differences between the two methods are summarized as 

follows: (1) the edges to be welded are not chamfered; 

(2) the gap between the sheets is equal to half the thick- 
(Continued on pace 376-s) 
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The Effect on the Endurance Limit of 
Submerging Fatigue Specimens 
in a Cold Chamber 


By O. H. Henry? and A. Stirba, Jr. 


HE same procedure used in this investigation has 


been described in a previous report by O. H. wo = 
Henry and T. D. Coyne published in the May 1942 8 
issue of Welding Research Supplement. 3 r —— 
* Submitted originally as a thesis in 1938 by A. Stirba at Polytechnic Insti 2 wl ah a 
tute of Brooklyn. A contribution to the Fundamental Research Division, = , al | 
Welding Research Council. - PLATE METAL $j} 
t Associate Professor Metallurgical Engineering, Polytechnic Institute of 7) 9 i) ¥ | 
| 
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+20 -20 -40 -60 -80 
Fig. 1—Form of Test Specimen 
TEMPERATURE IN DEGREES CENTIGRADE AT 
THROAT OF SPECIMEN 


Fig. 3 


Plate Data 


as 7 Two */,-in. thick, mild steel plates containing 0.20 C, 

0.65 Mn, 0.02 S and 0.012 P were welded by the d.-c. 

x shielded metallic arc process. V-groove for welding the 

a plates; bevel (total included angle) 60°; root spacing 

1/sin.; °/3e-in. diam. electrodes, 150 amp., 28 v., reversed 
8 ENDURANCE LIMIT 


polarity with no postheating or peening. 


Tabulated Results 
a 20.000 Temp., Test Value of Endurance Average Value, 
Limit, Psi. Psi 
Welds 
20 26,500; 26,300 26,400 
0 27,300; 27,800 27,550 
—20 28,500; 28,400 28,450 
10.000 —40 29,700; 29,000 29,350 
—60 30,000; 29,800 29,900 
30,250: 30,100 30,175 
Plate Metal 
20 30,000 
9 ; 3 0 31,000 
TEMPERATURE IN DEGREES CENTRIGRADE 
AT THROAT OF SPECIMEN = Pry 
Fig. 2—Stress-Temperature Curve for Determination of En- —70 35,600 
durance Limit by Rise of Temperature Method : ae 


A 


perat 
and 

and 
speet 
ture 


TI 
ular 
chine 
d 
suc 
eff 
sul 
or 
| th 
£4 : = fa 
us 
re 
I 
1 
( 
< 
{ 
‘, = 
> 
4 
372-s 


of 


30 


0 C, 
d.-c. 
the 
cing 
rsed 


The welded plates were then cut into strips, perpendic- 
ular to the welded seam, which were subsequently ma- 
“ned to the required form (Fig. 1). 


chin 
Test Data 


A total of eighteen tests were performed over a tem- 
perature range of from +20 to —70° C. One base metal 
and two welded specimens were tested at each of the 
following temperatures: +20°, 0°, —20, —40, —60 
and —70° C. The tests were performed at the rated 
speed of the motor, 2000r.p.m. A sample stress-tempera- 
ture curve for the determination of the endurance limit 


by the “rise of the temperature’ method is shown in 
Fig. 2. 


Conclusions 


Both plate metal and welds showed an increase in en- 
durance limit as the temperature was lowered. The 
average curves for the plate metal and for the welds were 
practically parallel for all ranges (Fig. 3). The break in 
the stress-temperature curve was sharper at the higher 
temperatures than at the lower ones. A possible ex- 
planation will be the greater temperature difference 
between the bath and the specimen at lower tempera- 
tures; at these temperatures the heat generated in the 
specimen would be more rapidly dissipated. 


Researches for Improved Solder Fluxes 


By Howard Peters and Bruce Gonser, D.Sc. 


HE search for a really non-corrosive flux that 

effectively prepares metals for soft soldering, is 

by no means new, and has not ended. Why this is 
such a tough problem is obvious if one considers that 
effective fluxing involves rapid cleaning of the metal 
surface to dissolve scale, oxide films and grease, in 
order to present a true metal-to-metal contact with 
the solder, yet the very factors that favor such action 
favor corrosive residues. 

Zinc chloride, the time-honored flux, is effective when 
used with most metals, but frequently it leaves a corrosive 
residue, even after washing repeatedly with water. 
Likewise, the various inorganic and organic acids and 
chloride salts which are used as fluxes are often unsatis- 
factory as regards the non-corroding requirement. At 
the other end of the range of fluxes is rosin, sometimes 
called “‘the only non-corrosive soldering flux.’ Un- 
fortunately, it is not an effective flux except when used 
on relatively clean tinplate and copper. It does not flux 
steel or oxidized copper, does not promote spreading of 
the solder and is rather difficult to remove. Recent 
research, therefore, has been directed toward organic 
materials which are substantially non-corrosive when 
cold and leave water-soluble residues, yet can decompose 
when heated during soldering, to release an active, oxide- 
dissolving constituent. 

One of the many difficulties in developing an improved 
flux is to find means of testing which give results of prac 
tical value. It is not convenient to make a great many 
soldered joints using one flux, and to attempt to compare 
the strength, ease of joining and other contributing fac- 
tors, with joints similarly prepared with another flux. 
lt is possible, however, to obtain indications of the quali- 
ies of improved fluxes by comparing certain properties, 
such as the effect of the flux on the surface tension, or 
flowability, of the solder, its effectiveness in removing 
oxide films and its corrosion of the base metal. In this 
manner, a wide field of possible fluxes can be tested, and 
those which show promise can be given a more rigorous 
examination later. 


* Tin Research Sponsceship, Battelle Memorial Institute, Columbus, Ohio. 
Reprinted from Tin and its Uses, July, 1941. 


The general procedure followed in a recent investiga- 
tion for the Tin Research Institute was to note the gen- 
eral fluxing characteristics of a large number of materials 
when spot soldering 14-gage samples of oxidized copper, 
and slightly rusted, cold-rolled steel strip. By using 
exactly the same amount of solder gach time and keeping 
all conditions similar, except the flux, it was possible to 
evaluate the flux qualitatively and to compare it with 
resin and zine chloride as standards. The fluxes were 
rated as superior, excellent, good, fair and no good, 
Rosin was rated fair, zinc chloride excellent. 

Some of the organic acids, such as oleic and stearic, 
make active fluxes but are decidedly corrosive. Partial 
neutralization with alkalis, such as caustic soda, to form 
a soap, does not eliminate their tendency to corrode. 
Neutralization with organic bases, such as ammonia or an 
amine, offers interesting possibilities, however. In fact, 
some of the amines and amides, as ethylene diamine 
and acetamide, have been used as fluxes to a limited ex- 
tent. Recent investigations have been concerned with 
ammonium and amine salts of stearic, oleic and palmitic 
acids, particular'y of stearic acid. Many of these salts 
have been found to be good fluxes for copper; some have 
appeared to be non-corrosive, and a few effectively flux 
steel. 

The stearic acid salt of diethylene triamine appeared 
to be particularly attractive as a flux for both copper 
and iron. It not only made an excellent effective flux, 
but did not decompose unduly and gave a residue that 
was as non-corrosive as rosin. Unfortunately, this flux 
has a disagreeable odor, hence it may not be adaptable 
where good ventilation is not available. The oleic acid 
salt of diethylene triamine also was found to be an effec- 
tive flux on steel and copper, although it was more cor- 
rosive than the stearic acid salt. Unlike zine chloride, 
it was not hygroscopic and was completely soluble in 
water without formation of an insoluble oxysalt. 

The superiority of a few of these organic fluxes over 
rosin in promoting the flowing of solder over an oxidized 
copper surface is shown in the illustration. The tabula- 
tion gives the rating of stearic acid salts which appeared 
to be the best of their respective groups. A non-cor- 
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Stearic acid salt of triethylene 
Copper test piece (about 2in. tetramine. Note thinness of 


square): showing oxidized solder at edges, indicating low Oleic acid neutralized with am- 
surface surface tension monia 


Stearic acid salt of dicth.: 

triamine. The so} tethylene 

well, although th 
somewhat viscous 


Rosin. High surface tension Stearic acid salt of triethanol- 
or de-wetting action isevident amine. Excellent spreading ac- 
tion is noticeable, even on de- 

tached droplets 


Comparative Solder Coverage Tests, Using Soldering Bit 


Stearic acid salt of 1,4-benzene- Stearic acid salt of dodecy)- 
diamine amine 


rosive rating was given if no indication of a green cor- 
rosion product appeared on fluxed and soldered copper 
at the end of a month of observation in the laboratory. 
In a few cases a slight greenish color developed while — = 
soldering, but did not extend on standing. Some of the Fluxing Spreading Caaresive 
fluxes decomposed rather rapidly if a relatively high Stearic Acid Ability Ability Action 
soldering temperature was used, and in most cases proper __—_—Sallt off on Copper on Copper a Copr 
ventilation was required to maintain good working con- __Triethylamine Superior Superior _ Corrosive 
ditions Triethanolamine Superior Superior Non-corrosive 
‘ Diethylene Triamine Superior Superior Non-corrosive 
Stearamide, produced by heating the ammonium  Acetamide Superior Excellent Non-corrosive 
salt of stearic acid, was found to be an excellent flux for N-butylaniline Excellent Excellent Non-corrosive 
copper and gave slight corrosion only while heating dur- _-aminoacetanilide Superior Superior Non-corrosive 
ing solderin o-phenylenediamine Superior Superior Non-corrosive 
p-phenetidine Excellent Superior Non-corrosive 
One of the drawbacks of using the amine type of flux /-naphthylamine Excellent | Superior Non-corrosive 
has been cost. In view of the progress made during the Morpholine Excellent Superior Corrosive 
past few years in synthetic production of the amines, 


however it is possible that their application will become 
increasingly practicable. 


on Copper 
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Impact Resistance and Tensile 
Properties of Metals at Subatmospheric 
Temperatures 


General Comment 


HE non-ferrous alloys and the austenitic steels 

in commercial use appear to be no worse in their 

combination of strength and toughness (however 
these properties are evaluated) at subnormal tempera- 
tures than they are at room temperature. 

Ferritic steels and irons, likewise, appear to be no 
worse engineering materials at subnormal temperatures 
when strength and toughness are evaluated by usual 
static methods upon unnotched specimens; indeed, the 
increased strength due to decrease in temperature is 
accompanied by less loss of ductility than when com- 
parable increase in strength is produced by other means 
at the command of the metallurgist. But when these 
ferritic materials are required to deform at low tempera- 
tures under conditions of restraint against deformation, 
as in the presence of a notch, or when the force is applied 
with extreme rapidity, some of them show extreme 
brittleness, fracturing without deformation rather than 
showing plasticity. Without a notch or some equiva- 
lent localization of stress, they are tough at any tempera- 
ture with the notch, they are britt'e at some sufficiently 
low temperature. More accurately, they become ‘“‘notch- 
brittle’ at some “‘transition temperature.” 

Commercial use of ferritic materials, like some struc- 
tural bessemer steels and ordinary rail steels, which are 
notch-brittle at ordinary temperature, shows that even 
notch-brittle materials need not be barred from all 
engineering uses, and if all notches or other ‘‘stress- 
raisers’ could be avoided, they might not be unsafe for 
any use. But notches cannot be avoided in much en- 
gineering practice, so the development of steels of high 
notch toughness at whatever low temperature the service 
demands has been made necessary. 

Proper melting and deoxidation practice and proper 
heat treatment (usually a simple one like normalizing) 
for the production of fine-grained low carbon steels 
allow these steels to be given considerable notch tough- 
ness at least down to the lowest natural winter tempera- 


tures. But these steels, though tough, are not especially 
strong. To get a better combination of strength and 


toughness, and particularly to get the best combination 
at lower, artificially produced temperatures, not only 
grain-size control but also alloying, and perhaps more 
complex heat treatments (double normalizing and draw- 
ing, quenching and tempering), have to be resorted to. 
When, as is often the case in the structures that must 
operate at low temperatures, quenching and tempering 
cannot be used, or when the mass precludes proper 
hardening on quenching, the alloying needs to be such 
that normalizing will serve. 

A variety of mild-alloy steels has been developed in 
which certain alloying elements are used that go wholly 
into the ferrite, like Ni and Cu, or that, when the 
carbon is not too high, go at least partly into the ferrite, 
like Cr and Mo. In the case of Ni, that may be the 
only alloying element; the others generally, and Ni very 

* From a report prepared by H. W. Gillett, Project No. 13 of the Joint 
A.S.M.E.-A.S.T.M. Research Committee on Effect of Temperature on the 


Properties of Metals, published by the American Society for Testing Ma- 
terials, Pniladelphia, Pa. 


commonly, are used in combination. For the very 
lowest temperatures, generous amounts of Ni appear 
indispensable. 

Whatever the chemical composition of the steel, its 
low-temperature notch toughness appears to be vastly 
improved when the steel is fine-grained in its actual 
condition of use, whether the grain size is made refined 
through the deoxidation practice or by heat treatment. 
This apparent correlation of grain size and low-tempera- 
ture notch toughness is, however, only a first approach to 
the truth, because, as Herty and McBridge and other 
investigators have shown some fine-grained steels that 
have been overheated become notch-brittle, even though 
there has been no grain growth. 

Moreover, heat treatments that do not affect the 
microstructure at all, such as low-temperature draws, or 
stress-relief anneals, may profoundly affect the low- 
temperature notch toughness. Nor do all supposedly 
like steels respond similarly to such treatments. The 
conclusions seem inescapable that solution and pre- 
cipitation of non-metallics, or of particular metallic 
compounds (probably usually of submicroscopic size 
and hence not amenable to direct demonstration of 
their presence or absence), must be going on and that 
the usual methods of making a steel fine-grained tend to 
create desirable conditions of the non-metallics. The 
non-metallics rather than the grain size may be the 
primary factor. 

Thus the methods of control now used may only be 
indirect in their action. Perhaps some day there may 
arise a sufficient understanding of the real mechanism to 
make control more certain. 

That control is not yet very certain is indicated by the 
comments of Armstrong and Gagnebin who remark that 
“the present state of the art does not permit use of 
composition, grain size and heat treatment as criteria 
for resistance to impact, which indicates the advisability 
of subjecting each lot to test, particularly when service 
involves temperatures below — 100° F.’ 

In discussion of Armstrong and Gagnebin’s paper, 

Rosenberg remarks that “impact tests secured on a 
single heat of steel are more or less peculiar to that 
individual heat, and will not necessarily be duplicated 
by another heat of the same type of steel. Individual 
heats apparently have what may be termed an ‘inherent’ 
resistance to impact within certain limits, and this is 
dependent upon factors not at present recognized. 
The practice of evaluating the impact resistance of any 
material, particularly at low temperature, from the 
results of even a comprehensive series of test upon an 
individual heat of that material may lead to erroneous 
conclusions.’ 

The transition temperature, at which the type of 
fracture of a notched-bar specimen of a steel shifts from 
tough to brittle, is plainly a criterion through which dif 
ferences not otherwise obvious might be made evident; 
so, low-temperature notched-bar testing might be a 
useful tool in the constant search for the underlying 
causes of the “inherent individuality’ of a particular 
heat of steel, even though that heat might not be des- 
tined for low-temperature service. 
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Reviews of Recent Foreign 
Welding Literature 


(Continued from page 371-s) 

ness of the sheet; and (3) the flame is ‘‘buried’’ halfway 
up between the edges of the sheets. The advantages are 
said to be: (1) the weld is made 50-100% more quickly 
than with rightward welding; (2) reduction in consump- 
tion of oxygen, acetylene and welding rod; and (3) a 
better weld. The author points out that in Switzerland 
from 1930-32 several tests were made on non-chamfered 
edges, the results being published in August 1932. The 
procedure was not adopted, as it was found that the 
lower edges of the sheets could not be welded consist- 
ently. When the flame is held vertically the fused metal 
precedes the flame and is forced on to the unwelded metal. 
If the flame is held at an angle, the metal in process of 
fusion piles up in better shape against the slope of the 
fused metal. Moreover, with straight edges it is harder 
to see the lower edge and the fusion cannot be inspected. 
When chamfered edges come into contact, it is still pos- 
sible to secure good penetration. Such is not the case 
with straight edges. The question of saving time and 
material by the use of welding ‘‘in depth’’ is discussed, 
the author stating that with rightward welding the 
amount of time and material consumed is very little 
more, and sometimes equals that achieved by welding 
“in depth,’’ the weld being more regular with better 
quality. AGA depth welding has its value, but it must 
be carried out by a highly skilled welder. The author 
is in favor of decreasing the chamfering angle or even of 
eliminating it for sheets from 6 to 8 mm., but he does not 
advocate the abolition of chamfering. 


SPECIAL WELDING CONTROLS. 

Oct., pp. 62-67. 

The circuits and principles of operation of two small 
welder controls are described. One is a half-cycle bench 
welder control which employs capacitor firing of the igni- 
tron and which includes heat control. The other uses 
thyratrons for timing spot welds of from one-half to ten 
cycles’ duration. High-voltage controls for series-capaci- 
tor power factor corrected welders are considered at 


Ill. Flectronics, 1942, 


length. Weld recorders and their lock-out controls and 
program timing controls are also discussed. Illustrated 
by 5 circuit diagrams and 3 photographs. (Adstracted 


in Metrop- Vickers Tech. New Bull., 1943, Jan. 15, p. 4.) 


SURFACE HARDENING BY QUENCHING: NEw AUTOMATIC 
MACHINES DEVELOPED FOR PRODUCTION. 
Metallurgia, vol. 27, 1942, Nov., pp. 1-2 


The author points out that the Shorter process for sur- 
face hardening has been in successful operation for many 
years. At first the work was done by hand and the re- 
sults varied, since the timing of the sequence of heating 
and quenching required careful control. Several ma- 
chines are now operated automatically, such as the 
Shorter Type 2, of which a full description is given. 
The components to be surface hardened are fed by hand, 
otherwise the machine is under electrical control. An 
illustration shows a machine of this type being applied 


to surface-harden firing pins. A similar type mach; 

for the surface hardening of longitudinal surfacec a 
as machine-tool beds, straight-edge blades, muyjt; a 
fitted into jigs and general straight-line work rp 
chine known as the Shorter Type G 6 blade-hardenjn, 
machine is also illustrated and described. In 4 new et 
now under construction for large circular work, the rine 
to be hardened are mounted on a turntable which jc hs 
tated in relation to a stationary burner head and coy, 
trol panel. This machine is capable of treating yer 
large paths, such as gun turrets and large circular crane 
tracks. 


HARDENABLE ALLOYS AS WEAR-RESISTING Mareriaj< 
FOR DEPOSITION BY WELDING. Autogene Metallbey). 
beitung, vol. 33, 1940, Dec. 1, pp. 301-304. 

The author describes the properties and applications 
of an iron-base alloy for hard-facing containing carbig 
forming elements and up to about 3.5% of carbon, which 
has been developed by the I. G. Farbenindustrie. | i 
known as “Gridur E.” It has good welding propertie; 
and can be hardened by heat treatment to Rockwell C ¢; 
and even higher. (Adstracted in Bull. of the Iron anj 
Steel Inst., 1942, Nov., p. 30A.) 


HARD ALLOYS FOR DEPOSITION BY WELDING. JI] 
Autogene Metallbearbeitung, vol. 34, 1941, March 1), 
pp. 105-109. 


The author reviews the properties of special alloys 
which are used for the hard-surfacing of steel including 
the high-manganese low-chromium steels and alloys con- 
taining various amounts of tungsten and cobalt. The 
welding technique for depositing them is also described. 
(Abstracted in Bull. of the Iron and Steel Inst., 1942. 
Nov., p. 19A.) 


ON THE CORROSION BEHAVIOR OF LIGHT METAL WELDs. 
Ill. Awutogene Metallbearbeitung, vol. 33, 1940, No. 14, 
pp. 169-175. 

Parallel corrosion tests were made on welded and un- 
welded sheets of pure aluminum, Mangal, KS Seewasser, 
BS Seewasser, Pantal, Bondur, Albondur and Bondur- 
plat. The joints were made by butt welding, using a gas 
flame, and with rods of the same material as the sheets. 
Autogal flux was used. Some of the welds were aiter- 
ward hammered. The mechanical properties were re- 
corded ‘‘as-received,’’ as-welded, as-hammered and, in 
the case of the last four alloys, after final heat treatment. 
The corrosion resistance was measured by determining 
the mechanical properties after immersion, for periods 
up to 2 years in a solution of 3% NaCl + 0.10) H.Os 
The results are given in graphical form and several of the 
effects of corrosion are illustrated by micrographs. Pure 
aluminum, Mangal and KS Seewasser show the highest 
corrosion resistance, welded and unwelded. ‘The corro- 
sion resistance of BS Seewasser is impaired by welding. 
Welded Pantal is slightly inferior to heat-treated un- 
welded material, but reheat treatment of the weld re- 
stores its corrosion resistance. The resistance of Bon- 
dur is inferior to that of the copper-free alloys, and is fur- 
ther reduced by welding. Aluminum coating, however 
(as in Albondur), effects considerable improvement 
(Abstracted in J. of Inst. of Metals, 1943, Jan., p. 13.) 


T 
T 


FoREW( 
SCOPE 
INTROD’ 
MATER! 
PLATE 
GENER 
MEASU 
MBEASt 
RELAT 
Cur 
MATH 
D 
Tab 
Tal 
Tat 


4 
| 
TIME 
IN 
Com 
Rel 
R 
FE 
376-s 
‘ = 
, 
“a 


Machine 
=< ENGINEERING FOUNDATION 
hand 

Welding Research Council 

Bi ~~ Sponsored by the American Welding Society and American Institute of Electrical Engineers 

ine as Supplement to the Journal of the American Welding Society, September 1943 ————— 


lar Cran, 


ATERIAI 


elallbeay. 
ications 
le. It is 
roperties 


‘ron and 


“| The Measurement of Cooling Rates 
“| Associated with Arc Welding and 
“ft Their Application to the Selection of 


.of Optimum Welding Conditions 


arch 15, 


VS con- 
t. The 
scribed. 
1942 


WELDs, TABLE OF CONTENTS 
No. 14. 

PAGE 

-Te re- GENERAL DISCUSSION OF THE PROBLEM............... 380-s 
nd, in Measurement or CooLinc CuRVES................ . $82-s 
tment, MEASUREMENT OF WELDING CONDITIONS.............. 384-s 
nining ReLation oF EXPERIMENTALLY DETERMINED COOLING 
eriods CURVES TO MATHEMATICAL SOLUTIONS.............. 384-s 
MATHEMATICAL DETERMINATION OF COOLING RATES 
of the 385-s 

COrTO- Table III—Typical Measured and Calculated Values 
Iding. of Cooling Rate and Time—-Top Pass 
1 un- Butt Welds 390-s 
d re- (a) '/o-In. Plate—*/,.-In. Electrode..... 390-s 
(b) 1-In. Plate—*/y-In. Electrode......  391-s 
Tur- (c) 1'/2-In. Plate—'/,-In. Electrode.... 390-s 
vever liME AND CooLInc RATE AS FUNCTIONS OF JOULES PER 

COMPARISON OF MATHEMATICALLY DeriIvep COooLING 

Rate CURVES wiTH EXPERIMENTALLY MEASURED 

lable 1V—Cooling Times to Sub-Martensitic Trans- 
formation Temperatures........ .. 392-s 

RELATION BETWEEN Top Pass AND First Pass 
EPPECT OF ELECTRODE SIZE ON CooLinG RATE..... 398-s 


Presented at the Annual Meeting, A.W.S., Chicago, Ill., Oct. 18 to 


? Welding Laboratory, Rensselaer Polytechnic Institute, Troy, N. Y 


By W. F. Hess, L. L. Merrill, E. F. Nippes, Jr., and A. P. Bunk? 


EFFECT OF STEEL COMPOSITION ON COOLING Curves. 398-s 

COMPARISON OF COOLING CURVES OBTAINED WITH AL- 
TERNATING AND WITH DirECT CURRENTS 398-s 

METHOD OF UTILIZATION OF CooLING CuRVE DatTa..... 399-s 


PREDICTION OF WELDING CONDITIONS BY RENSSELAER 
POLYTECHNIC INSTITUTE METHOD COMPARED WITH 
LEHIGH UNIVERSITY METHOD.. 402-s 

THE TEMPERING EFFECT ON MARTENSITIC STRUCTURES 
RESULTING FROM THE WELDING OF PREHEATED PLATE 403-s 

COMPENSATION BY PROCEDURE FOR HEAT OF TRANS- 


FORMATION........ : 403-s 
CORRELATIVE RESULTS..... 404-s 
MaximuM HARDNESS vs. COOLING RATE 404-s 
SUMMARY AND CONCLUSIONS 404-s 
APPENDIX .... 405-s 

Temperature Ranges Important for Transformation of 

Various Steels........ ; 405-s 

Time—Cooling Rate Curves 406-s 

Experimental Weld Cooling Curves 407-s 

Joules per Inch vs. Plate Temperature Curves 409-s 


Energy Input—Joules per Inch—Required to Produce 
Various Cooling Rates at Temperature Levels Be- 
tween 700° and 1300° F. with the Plate at Specified 
Temperature...... . 


Foreword 


HE general purpose of this program was to 
evaluate the weldability of steels for the arc-weld- 
ing fabrication of tanks, gun mounts and other 
war matériel for the purpose of selecting optimum weld 
ing conditions. The principal avenue of approach to 
this problem, as studied in the welding laboratory at 
the Rensselaer Polytechnic Institute, was by direct 
measurement of the cooling curves associated with a 
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variety of welding conditions, plate thicknesses and 

plate temperatures. The support of this program was 
made possible by a government contract through the 
Executive Secretary of the Office of Scientific Research 
and Development. The contract covering this work is 
No. OEMsr-396, effective between April 15, 1942, and 
April 15, 1943. 

The work was conducted under the general supervision 
of Dr. A. B. Kinzel, War Metallurgy Committee, Na- 
tional Research Council. Preliminary work in the de- 
velopment of the technique of measuring cooling curves 
was carried out with support of equipment and manpower 
contributed by the Chicago Bridge & Iron Company 
through the generosity of its President, Mr. George T. 
Horton. In October 1941, the support of this work 
was assumed by the Welding Research Committee of 
Engineering Foundation, with assistance from various 
companies and the American Bureau of Shipping and the 
United States Maritime Commission. As mentioned 
in the abstract, funds provided by these sources also 
enabled the considerable extension of the data obtained 
under the N.D.R.C. contract, when the funds provided 
under that contract had been completely expended. 

The research staff engaged in work on this program at 
the Rensselaer Polytechnic Institute was as follows: 
Wendell F. Hess, E.E., D.Eng., P.E., Associate Professor 
in Metallurgical Engineering, Head of Welding Labora- 
tory; Lynn L. Merrill, E.E., M.S., Ph.D., Assistant 
Professor of Mathematics; Ernest F. Nippes, Jr., B.Ch.E., 
M.Met.E., Ph.D., Instructor in Metallurgical Engineer- 
ing; Adam P. Bunk, B.Met.E.. Research Fellow; 
Franklin W. Daniels, B.Met.E., Research Fellow; Arnold 
G. Fisch, B.C.E., Instructor in Engineering Drawing. 

The specific purpose of this experimental program was 
to obtain measured cooling curves and maximum heat- 
affected zone hardnesses for the first and last passes of 
butt and fillet welds in '/s-, '/o-, 1- and 1'/2-in. A.S.T.M. 
A131-39 plain low carbon ship steel. It was planned 
that this work was to be followed by similar work on a 
second steel, NE 8620. 

For each thickness it was planned to use at least four 
combinations of weld energy input per inch, and to in- 
clude in the study the four following plate temperatures: 
3°, 22°, 100° and 200° C. In order to make the data 
more useful to the metallurgist and welding engineer, 
the final data have been expressed on the Fahrenheit 
scale. For the butt welds, the following plate prepara- 
tion was planned: 


1. 14/,-in. plate, 60° single vee, no root face. 
2. '/»-in. plate, 60° single vee, '/,s-in. root face. 
3. 1-in. plate, 60° double vee, '/\.-in. root face. 


4. 1'/,-in. plate, 60° double vee, '/1.-in. root face. 


It was understood that no backing strip would be used 
for one set of plates but that other work might be done 
using backing strips for determining the comparative 
cooling rates under these conditions. 

It was planned to run a Jominy hardenability test on 
each different heat of steel studied. 

It was planned to run a few check welds using different 
types of electrode coating and also a few check welds us- 
ing the lap fillet for comparison with the tee fillet. It 
was also planned to make a few check welds using direct 
current for welding, although for the bulk of the work it 
was planned to use alternating current, since this gives a 
steadier arc with less magnetic disturbance at the ends 
of the weld. 

In order to extend the experimental data obtained, it 
was planned to make use of the services of a mathe- 
matician to fit the various experimentally determined 
cooling curves into mathematical form, involving the 
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fundamental welding variables. 


It was planned iad case ol 
the general mathematical solutions developed by De liffere 
Rosenthal, and to modify these to better fit the ernes sight 
mental data. In this way a great body « Ba surface 


of VeTY 
additional data has been obtained, and a much }ys,, 


picture of the behavior of welded plates in different 
nesses, and at different temperatures has been secure; 
it the 
weld. 


b 


Scope 


In the initial stages of the program sufficient wor 
was done on first and last pass cooling curves of py»; 
welds to indicate that the first pass always cools mo 
slowly than the last pass. This is logical since there ; 
less metal to conduct heat away from the first pass, and 


p 


more of an opportunity for heat radiated by the arc ; ago 
be absorbed by the plate. When it was established tha as ¢ 
first pass cooling curves are less severe in their quenching face an 
effect, the measurement of these was discontinued in th 
interest of speeding up the remainder of the progran 

The necessity for measuring maximum heat-affecte 

zone hardnesses on the first pass required that a sectioy 

of the plate be cut away after making the first pass j: This 
order to measure the maximum hardness at this point anti 
The reason for including the first pass in our initia T dit 
program was because of the general experience that dif am ony 
culty with cracking is found to be more common in the cea 
case of the first pass. This investigation indicates thy nee 
cracking difficulties must be due to lack of mechanic; 
support of the first pass weld metal, rather than toa ye as 
more severe metallurgical condition. Furthermore, firs conce: 
pass cracking practically always occurs in the weld meta, & a yalit 
whereas the interest in cooling curves in this investiga Le 
tion was directed toward the obtaining of a satisfacton conti 
metallurgical structure in the heat-affected zone adjacent alll 
to the weld. Althe 

The second steel to be used had not been determined & 4:1, ; 
when the N.R.C. program got under way in April 1942 probl 
This was later determined to be NE 8620. As soon asa & jecoy 
source of supply was found, it was ordered on July Ist lurgi 
and we were informed that it was placed in the August the 1 
rolling schedule. However, this material was not re eine 
ceived until February 4, 1943, about one month before the ing, 
completion of the N.R.C. contract. Although extensive J gece 
studies on this steel have not been possible, suflicient cates 
work was done to show that the cooling rate data, ob but» 
tained with ship steel, were perfectly satisfactory for use J gj: 
with this low-alloy steel. For purposes of determining § 5-0, 
the significance of small differences in the thermal pro; that 
erties of low-alloy steels on the resultant cooling curves dep 
a small amount of work was also included using Great as 2 
Lakes steel NAX 9115, and also SAE 1035 steel. loss 
The original plan to make fillet welds in all of the thick to t 

ness combinations studied in this investigation has no! liev: 
been carried out owing to the time consumed in the butt poss 
weld studies. Different types of electrode have also not tha’ 
been investigated in this program. In addition to thi wit! 
many new plate thickness combinations which have beet fis 
added, a study has been made to compare the use ©! teri 
direct current with alternating current for welding. will 


The mathematical work has proceeded very satisia' 
torily so that a great deal of correlative data have bee! 
obtained. A very important phase of the program, 10! 
considered in the original outline described above ,lias 
been the problem of determining how to make use ©! 
quantitative information concerning cooling rates, for tht 
prediction of proper welding conditions for difleren| 
steels. A plan for making use of cooling rate data 's 
presented in this report and has been checked to 4 
limited extent by way of illustration of the plan. In th 
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ase of '/2-in. plate it was discovered that cooling rates 
tiffered considerably if the thermocouple was located 
Jightly beneath the weld rather than close to the plate 
“urface, immediately adjacent to the weld. This be- 
havior is evident upon inspection of a macro-cross sec- 
“ion of the weld and is particularly obvious in the case 
of the cross section of a single bead deposited in a groove 
t the top of the plate to simulate the last pass of a butt 
weld, In this case the width of the heat-affected zone 
beneath the deposited metal is approximately twice that 
of the width of the heat-affected zone at the top of the 
olate adjacent to either side of the bead. This behavior 
se due to the fact that heat dissipation beneath the bead 
in a '/»-in. plate is retarded by reflection of heat from the 
opposite surface, whereas heat dissipation laterally into 
the plate near the surface is not so retarded. Asa result 
of this behavior in '/2-in. plate it was necesary to repeat 
a large number of cooling curves, being very careful to 
place the thermocouple within '/s-in. of the plate sur- 


face and immediately adjacent to the deposited metal. 


Introduction 


This investigation was undertaken to find a logical 
quantitative basis for determining the optimum welding 
conditions to be used to make butt, fillet and tee welds 
in any thickness above '/, in. and at any temperature 
between 32° and 400° F., by means of electric are weld- 
ing. Previous investigations in the Welding Labora- 
tory at the Rensselaer Polytechnic Institute, involving 
the arc welding of carbon-molybdenum steel,‘ had been 
concerned with the effect of welding conditions on the 
quality of the welded joint, including both the weld 
metal and the base metal in the heat-affected zone. The 
present investigation was limited to the effect of welding 
conditions on the base metal in the heat-affected zone. 
Although this was in accordance with a restricted defini- 
tion of weldability and in view of the immensity of the 
problem was a wise limitation of its early phases, it is 
becoming more generally recognized that both the metal- 
lurgical structure and the response of the base metal to 
the welding operation, determine to a considerable de- 
gree the behavior of the weld metal with respect to crack- 
ing, and the ductility of the joint. In recognizing the 
effect of the base metal on weld metal properties it is not 
intended to minimize the importance of the electrode, 
but only to focus attention on the fact that for best re- 
sults, the effect of welding on the properties of both base 
metal and weld metal must be considered together, and 
that the quality of each is to a considerable degree inter- 
dependent. When even the finest cracks are produced 
as a result of welding, there results an almost complete 
loss of ductility in the joint, in a direction perpendicular 
to the cracks, even if the welds are thermally stress re- 
lieved. As soon as stresses reach the yield strength, the 
cracks start to open up and propagate, with the result 
that there is little plastic deformation and failure occurs 
with little increase in load. Much further progress may 
be expected in the development of better electrode ma- 
terials for the welding of higher strength steels, but this 
will only serve to emphasize the importance of the present 
investigation, which is designed to permit the applica- 
tion of sound metallurgical principles to secure adequate 
ductility in the base metal adjacent to the weld. 


Material 


The material used for the main part of this investiga- 
uon was produced to meet A.S.T.M. Specification A131- 
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39, Structural Steel for Ships. All plates were secured 
from the same open-hearth heat and had the following 
analysis for Heat No. 64319: C, 0.19; Mn, 0.41; P, 
0.019; S, 0.045; Si, 0.040; Cu, 0.08; Ni, 0.04; Cr, 0.02. 

The finishing temperatures on the various plate 
thicknesses were as follows: '/, in., 1700° F.; '/e in., 
1725° F.; 1 in., 1830° F.; 1'/2 in., 1850° F. 

The physical properties reported by the Carnegie 
Illinois Steel Corporation on these thicknesses were as 
follows: 


Thickness, Vield Point, Tensile Strength, Elongation 


In, Psi Psi in 8 In., % 
37,350 64,350 298.7 
1/, 37,620 63,620 30.0 
37,740 60,140 30.0 
1'/; 37,020 61,060 31.0 
Note: The bend tests on all of the above specimens were listed 


as satisfactory. 


The universal open-hearth NE 8620 bars used in this 
investigation were obtained from Heat No. 236558 of 
the Carnegie-IIlinois Steel Corporation and had _ the 
following analysis: C, 0.20; Mn, 0.78; P, 0.016; S, 
0.028; Si, 0.24; Ni, 0.44; Cr, 0.50; Mo, 0.23 


Equipment 
Welding 


Welds were made with General Electric Model 6WF 
H2A8, automatic arc-welding equipment, shown in the 
accompanying photograph. The electrode used through 
out this investigation was Murex Type F, which is de 


Photograph 1—-Automatic Arc-Welding Equipment 
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signed to meet the A.W.S.-A.S.T.M. Specifications for 
Iron and Steel Welding, grades E 6020 and E 6030. It 
has also been approved for use on work which comes 
under the jurisdiction of the American Bureau of Ship- 
ping, for alternating current or direct current. This 
electrode is suitable for down-hand welding and for hori- 
zontal and positioned fillets. It is also suitable for deep 
groove work and for cover beads, and for use with either 
a straight or reversed polarity, or for alternating current. 
The deposited metal produces concave layers in deep 
groove welding. The principal sizes of electrode used 
were */,, and '/,in. diameter, obtained in coil form. The 
electrode had an all mineral coating anchored to the 
core wire by a spiral winding of asbestos yarn. The 
welding machine was provided with a Carboloy cutter 
for slitting the coating, and a set of contacting fingers to 
conduct the current to the core wire. The welding equip- 
ment is arranged to be operated either with an a.-c. arc 
or with a d.-c. arc. Alternating current was used for this 
investigation since it provided a steadier arc. Welding 
current was provided by a 750-amp. General Electric 
arc-welding transformer using the 100-v. open-circuit 
connection. 


Temperature Measuring 


Temperature measuring equipment consisted of a 
Model 721 Weston Photoelectric Potentiometer con- 
nected to an Esterline-Angus Sensitive Recording Milli- 
ammeter which gives full scale deflection at a current of 
10 ma. By the use of a 50-mv. range standard with the 
photoelectric potentiometer, the full scale reading of the 
recording milliammeter could be arranged to correspond 
with 50-mv. thermocouple electromotive force. The 
photoelectric potentiometer is a self-balancing type hav- 
ing an optical galvanometer designed to operate an elec- 
tronic balancing mechanism. Potentiometric balance is 
maintained automatically and is capable of following 
thermocouple changes at high speed. The rapidity of 
the over-all response of potentiometer and recorder was 
checked by successively plunging a chromel-alumel 
thermocouple into a salt bath at about 1400° F. and 
then into water at room temperature. The lag in the 
response was found to be negligible compared to the 
cooling rates being measured in this investigation. 


Testing 
The hardness testing was done on a Vickers Pyramid 


Hardness Tester. Tension testing was performed on a 
Baldwin-Southwark hydraulic testing machine. 


Plate Preparation 


Plates were prepared for welding by oxyacetylene 
flame beveling using a straight-line cutting machine for 
this purpose. In some cases the plates were prepared by 
machining. This was considered desirable with the 
more hardenable NE 8620 steel since flame cutting pro- 
duces a hard zone in this material. For checking cooling 
curves obtained during the making of the last pass of 
actual welds, a number of plates were grooved to a depth 
of approximately '/s in. and to a width dependent upon 
the energy input in order to permit the deposition of 
the last pass without the necessity of depositing all of 
the previous passes. These plates were 12 x 12 in., 
grooved at the center. The plates in which actual welds 
were made were 12 x 24 in. and were obtained by welding 
together two plates 6 x 24 in. These plates provided for 
longitudinal and transverse tensile test specimens, macro 
examination specimens for measurement of thermocouple 
position and maximum hardness, and also provided a 
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minimum of two thermocouple locations on each 


Plate 
checking purposes. 


General Discussion of the Problem 


As more information becomes available as , the 
metallurgical behavior of steels, and with the develo, 
ment of simple tests of metallurgical response, jt },. 
become desirable to be able to apply this fundamen) 
metallurgical data quantitatively to the problem 
welding. The entire metallurgical behavior of the gta 
adjacent to an arc weld is a function of time-temperaty,, 
relations above the equilibrium critical temperature ap, 
also of the cooling rates through important subcritiq,) 
temperature ranges. The latter conditions are mog 
important and most subject to control in are welding 
However, up to the time of this investigation, there hy 
been no quantitative information available to permit th, 
attainment of any desired maximum cooling rate in th 
zone adjacent to a weld. 

Fusion welding by the electric are process has been ¢ 
veloped by the welding of plain low carbon steels whic) 
are largely foolproof as regards metallurgical dam 
resulting from rapid cooling. Many efforts have bee 
made to weld medium carbon and alloy steels. As, 

result of these experiments it became clear that many of 
the alloy steels and higher carbon steels could not 
welded satisfactorily without preheating the plate 
which the welds were made. It became common pra 
tice when attempting to weld a new steel to weld first a 
room temperature, and then at successively higher ter 

peratures until a weld could be made without too mu 

difficulty from cracking or from the production of bnitt! 
structures which would not give satisfactory perfom 
ance in service. 

The ultimate aim of this investigation was similar t 
that of the parallel program at Lehigh Universit 
namely, the prediction of welding conditions to give th 
desired ductility in any steel. The Lehigh program goe 
directly to maximum hardness in the heat-affected 201 
as a measure of the effect of the thermal cycle and deter 
mines welding conditions to reproduce desired hardnesses 
Ductility is related to hardness by means of a notch 
bend test of the steel. Welding energies required for 
different steels are determined by means of cooling rat’ 
distance relationships on the Jominy bar, combined with 
energy-distance relationships established for the bas 
steel investigated. The characteristics of the base sted 
used in the Lehigh program were such that the precisi 
of the determination of the energy-distance relationships 
should be expected to be good, for distances between | 
and °/\5 of an inch from the quenched end of the Jom 
bar, except for grain size effects. Beyond °/\¢ inch, th 
base steel used could be expected to give much lowe 
precision in the determination of the energy-cistanc 
relationships necessary for extending the method | 
other steels 

The program at the Rensselaer Polytechnic Institut 
undertook the measurement of actual cooling curves !! 
the heat-affected zone immediately adjacent to thie wel 
metal. The experimental data were used to modi 
fundamental mathematical solutions which could the 
be used graphically to greatly extend the coverage of th 
data. With these data, together with an inspection 
an S-curve of the type of steel whose welding conditions 
were desired, plus a specially prepared Jominy 
from the same heat as the steel to be welded, it b« cam 
possible to predict welding conditions to give an) ce 
sired metallurgical structure. In order to determine t!! 
resultant ductility it is either necessary to test a samp 


SEPTEMBER 


weld, ' 
ular st 
make 

ing no 
Univer 


Funda 


One 
behav! 
S-curv 
aminat 
it is ce 


a Vari 
bered 
tempe 
of me! 
range 
effect 
tempe 
from 
be ay 
simpl 
modit 
poses 
Ex: 


detet 
whic 
most 
ture 
the 
othe 
the : 
tion: 
tem 
ture 
lect 
4 
the 
to 
plat 
ferr 
or 
the 
con 
pee 
as | 
ele 
ess 
cul 
md 
ad 


th 
be 
ni 
de 


lo 


to a \ 
3 
| 
| 
£5 
id 
| 
| 


ch Plate 


aS to # 


develo 


ISe, it | 


ds 


ndament 


roblem 


I the Ste 


| 


peratyr 
‘ature ay 
are mi 

Welding 


nd 


st 


thers has 


eTMit th 
ate in th 


5 been de 
els whic 
| damag 
ave beer 
Is. 
Many of 
d not t 
plate in 
10N pra 
id first a 
her ter 
mu 
of britt! 
perforn 


imilar t 
versity 
give the 
“am goes 
ted zon 
id de ler 
‘nesses 
a notch 
ired for 
ng rate 
ied with 
he base 
ise steel 
jonships 
ich, the 
h lower 
listance 


hod t 


istitut 


weld, using welding conditions selected to give a partic- 
ular structure, or on the other hand, it is possible to 
make use of the hardness-ductility relationships involv- 
ing notch bend tests, already established by the Lehigh 
University program. 


Fundamental Metallurgical Data 


One of the most useful forms in which the metallurgical 
behavior of a steel may be expressed is by means of an 
Scurve or isothermal transformation diagram. Ex- 
amination of an S-curve for any given type of steel which 
it is desired to weld, furnishes the welding engineer with 
4 variety of useful information. It should be remem- 
bered that the S-curve has been established for constant 
temperature transformation and that the transformation 
of metal in and adjacent to fusion welds occurs over a 
range of temperature upon continuous cooling. The 
effect of continuous cooling in modifying the time and 
temperature of transformation has been studied, and 
from this it has been found that the modification may 
be approximately accomplished in a comparatively 
simple manner. However, owing to the nature of the 
modification, it is not necessary for most welding pur- 
poses to modify the S-curve. 

Examination of an S-curve yields information useful 
to a welding engineer of the following types: 


|. Temperature Range Important for Transforma- 
tion. 
2. Type of Metallurgical Structure Obtainable. 


3. Indication of Special Welding Procedures. 


|. The important region for transformation may be 
determined by observing the temperature levels at 
which transformation is completed most rapidly. For 
most steels it will be found that the important tempera- 
ture range is not wider than about 200° F. Owing to 
the length of time required for transformation at any 
other temperature above the martensite-forming range, 
the important consideration in setting up welding condi- 
tions is to provide sufficient time within the important 
temperature range to produce the desired type of struc- 
ture. The type of metallurgical structure must be se- 
lected to have sufficient ductility for the service intended. 

2. The S-curve will indicate to the welding engineer 
the type of metallurgical structure which it is possible 
to obtain in the zone adjacent to the weld. For the 
plain carbon steels it will be noted that only the pearlite- 
ferrite, or a mixture of this structure with martensite, 
or an all martensitic structure is possible. For many of 
the molybdenum steels and chromium steels, and for 
combinations of these alloys, the time required for the 
pearlite transformation is lengthened to such an extent 
as to be unobtainable by any thermal cycle available with 
electric are welding. For these steels the welding proc- 
ess will be selected to secure the relatively tough aci- 
cular bainite type of structure, avoiding the brittle 
martensitic structure in so far as is necessary to insure 
adequate ductility. > 

It will be observed upon examination of S-curves that 
the important temperature range for transformation is 
between 1100° and 900° F. for plain carbon and for 
nickel and manganese steels. For chromium and molyb- 
denum steels the important temperature ranges will be 
lower and will vary with the composition. A table of 
important temperature ranges for various steels is in- 
cluded in the appendix to this report. 

3. For very hardenable steels in which it is impossible 
to produce a tough structure by any practicable welding 
conditions, even including preheat, the S-curve makes it 
possible to set up special welding conditions which are 
practically certain to be successful. These involve estab- 
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lishment of preheat temperatures to avoid the formation 
of martensite and the determination of furnace tempera 

tures and times to insure completion of transformation at 
elevated temperatures. In these cases it is essential that 
the temperature of the parts being welded be maintained 
at the preheating temperature until the parts are ready 
to be heated to the required temperature for the com- 
pletion of transformation in the furnace. Under these 
latter conditions, careful attention to the cooling rates 
produced by the welding operation is not necessary, since 
transformation is accomplished by furnace treatment 
rather than by proper weld cooling rates. 

It was noted above in Item 1 that the S-curve was 
important in determining the important temperature 
range of transformation. This important temperature 
range is not affected by carbon content. Considerable 
changes in the amounts of nickel and manganese present 
in plain steels of these types, also do not alter the impor 
tant temperature range. Small changes of chromium or 
molybdenum within the allowable tolerances for particu 
lar steels do not affect the important temperature range. 
However, for important changes in types of these latter 
steels, it is necessary to examine an S-curve for the par- 
ticular type. 

It might be considered possible to use the S-curve for 
determining the time during which a steel should remain 
in the important temperature range for transformation. 
This is usually undesirable for several reasons outlined 
below. Fortunately the time-distance relations on a 
Jominy end quench bar provide a most economical 
method of determining the proper time for transforma 
tion to any desired metallurgical structure, once the 
important temperature range has been determined by 
inspection of an S-curve for the type of steel. 

The time scale of an S-curve should ordinarily not be 
depended on for establishment of optimum welding con- 
ditions, for the following reasons: 


1. S-curves may be available for the type of steel 
which it is desired to weld, but not for the particular 
heat. Slight differences in carbon and alloy composition 
will shift the time scale. Owing to the amount of work 
involved, it is not feasible to obtain an S-curve for every 
heat of steel which it is desired to weld. The Jominy 
test is much more economical. 

2. The time scale of the S-curve is affected by austen: 
tic grain size and most S-curves are obtained by quench 
ing a finer austenitic grain size than is obtained immedi 
ately adjacent to a fusion weld. The coarser grain size 
will shift the time scale of the S-curve in the direction of 
longer time. The grain-size effect is also important in 
the Jominy end quench test and must be taken into 
consideration as described later. 

3. The S-curve usually indicates the time for 100°; 
transformation, and the last 10% requires relatively a 
very long time. Hence a sufficient amount of trans 
formation to secure the major benefit is usually obtained 
in much less time than indicated for complete trans 
formation. Frequently the time required for 50% trans 
formation is shown dotted on the S-curve. 


In view of the above, the Jominy test, modified as 
described later, provides a logical and comparatively 
simple method of determining the time required im the 
important temperature range. 


Summary of General Discussion 


Fundamental metallurgical data, such as is furnished 
by S-curves, and simple tests such as the Jominy end 
quench, are available for determining the proper c oling 
rates to produce various possible metallurgical structures. 
The welding conditions to produce these cooling rates, 
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expressed in familiar terms, have been fairly well estab- 
lished by this investigation, within a limited range. 

The relation between metallurgical structure and duc- 
tility is a complex function of the composition or type of 
steel, the steel making process and the degree of stress 

relief or tempering of any martensite in the metallurgical 
structure. For example, in the case of nickel steels, 
any martensite which may be formed is generally more 
tough than the same structure in other types of steel. 
With reference to the steel making process, the degree of 
care exercised in the deoxidation practice and the in- 
herent differences between acid and basic open-hearth 
and electric furnace steel making produce products 
which are free in varying degrees from solid or gaseous 
deoxidation products, which affect the final ductility of 
the steel. When steels are welded with a plate preheat 
tem perature of approximately 400° F., as compared 
with welding at room temperature or at lower tempera- 
tures, there results an appreciable stress relief and tem- 
pering of any residual martensite, with a considerable 
improvement in ductility and with very little change in 
hardness. 

In view of the factors just mentioned, it is not possible 
by means of metallographic examination of a weld struc- 
ture to determine in any quantitative way, the ductility 
of that structure. 

A structure-ductility relation could be set up for vari- 
ous types of steel just as a hardness-ductility relation has 
been set up in the Lehigh program, but in either case a 
test is needed on the particular heat of steel involved in 
the welding operation in order to take care of possible 
variations in the steel making process. Both structure- 
ductility and hardness-ductility are in error by virtue 
of the third factor mentioned above, the degree of stress 
relief or tempering of martensitic elements in the metal- 
lurgical structure. This situation points to the desirabil- 
ity of a ductility test on a welded joint in the particular 
steel which is to be welded. 

For preliminary considerations of the suitability of a 
particular steel and for establishment of approximate 
welding conditions it is possible to use either a hardness- 
ductility correlation or an estimate based on the general 
physical properties of the steel under consideration. The 
beauty of the present investigation is that it enables 
the setting up of welding conditions to produce particular 
types of metallurgical structure. In many steels it is 
readily possible to produce an all pearlite structure or an 
all bainite type of structure. In other steels, it will be 
necessary to use a mixed structure involving either of 
those mentioned and a certain percentage of martensite. 
Just how much martensite may be tolerated in such a 
mixture will depend on the type of steel, the plate pre- 
heat temperature and whether or not the steel is to be 
subsequently subjected to a thermal stress-relieving 
treatment, since these factors will determine the effect 
of the martensite upon the resultant ductility. A test 
is required for those steels in which a certain percentage 
of martensite must be tolerated as a compromise, in 
order to obtain satisfactory welding conditions. 

By means of relationships described in this report it is 
possible to predict welding conditions to give the all 
fine pcarlite or the all bainite type of structure. If the 
nature of the steel is such that the pearlitic structure is 
not obtainable by any practicable welding conditions, 
the rapid etching acicular bainitic structure gives the 
next best combination of toughness and ductility. 
These structures will give the best physical properties 
which it is possible to obtain from any particular steel. 
If the steel in question was selected with the idea of 
making maximum use of its physical properties, then 
welding conditions selected to give the above types of 
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structure will give welded joints having properties ,, 
proaching as nearly as possible those of the plate mater 
in so far as the metal in the heat-affected zone js 
cerned. 7 

If the structures described above are readily obt 
by ordinary welding conditions it would be good jy,, 
ment to use such welding conditions. However, fg 
many steels it may be necessary to make a « M Promise 
between the desirable structures mentioned above ay, 
the normally brittle martensitic structures. The ques. 
tion then arises as to how much ductility is actually », 
quired by the service conditions and how much martengit, 
can be tolerated in a mixed structure without securing 
less than the necessary ductility. The use of a hardnec 
ductility relationship is not entirely satisfactory as , 
method of selection of the allowable amount of martengit. 
in a mixed structure. This is due to the fact that th, 
martensite which exists in a welded structure wil] pe 
tempered to a greater extent when the plate thickness 
being welded is '/, in. or less, or when preheating is used 
In these cases the steel remains at a temperature jus) 
below the martensite-forming range for a much longer 
period of time than in the case of heavier plates welded 
without preheat. When martensite is tempered, the 
resulting structure is tougher and more ductile. On this 
basis two structures of equal hardness may be expected 
to have different ductility if the mixed structure includes 
tempered martensite on the one hand or untempered 
martensite on the other hand. In other words, a welded 
joint with welding conditions selected to give 50°, ma 
tensite and welded at room temperature would be less 
ductile than a structure containing 50% martensite 
which had been welded with the preheat temperature oj 
400° F. An example of this type will be included in a 
later section of this report. 


ainable 


Measurement of Cooling Curves 


As indicated in the preceding discussion, the measure- 
ment of cooling curves was undertaken to permit sub- 
sequent reproduction of definite cooling rates required for 
specific types of metallurgical structure. The thermal 
cycle imposed upon the metal adjacent to a weld by a 
welding operation has an additional important effect 
This is to introduce a system of stresses as a result of the 
differential thermal expansion caused by the temperature 
gradient. The expansion gradient is usually sufficient 
to produce plastic deformation of the metal adjacent to 
the weld during the heating operation. Upon subsequent 
cooling against the restraint of surrounding cold metal a 
system of stresses is set up. The cooling rates and 
particularly the possibilities of extension of the measure- 
ments by mathematical methods, should prove of value 
in studying the production of stresses and the formation 
of cracks. 

In preparation for cooling curve measurements, the 
zone adjacent to an arc weld may be studied both metal 
lographically and by means of hardness surveys. Metal- 
lographic inspection discloses an increase of grain size 
across the heat-affected zone from base metal to weld 
metal. When hardness surveys are made it becomes ap- 
parent that there is a gradual increase of hardness from 
the outer edge of the heat-affected zone, across this zone, 
to the edge of the weld metal. This variation in hard 
ness has sometimes been ascribed to differences in cooling 
rate at various points across the heat-affected zone. 
While it is true that slightly higher cooling rates do 
occur at points close to the edge of the weld, the differ- 
ences in cooling rate are slight, and cannot be expected to 
account for the variations in hardness observed. The 
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differences in hardness must be due to the effect of grain 
hardenability and also to the degree of homogen- 
the austenite which results from the time-tem- 
oerature relationships for the various parts of the heat- 
affected zone. That portion of the heat-affected zone 
nearest the base metal has been heated only slightly 
above the austenitizing temperature and has remained 
there for only a brief interval of time. On the other hand, 
that portion of the heat-affected zone immediately ad- 
iacent to the weld has been heated to temperatures ap- 
proaching the melting point and has remained at lower 
temperatures for longer periods of time. It is fortunate 
for the thermocouple technique that the observed differ- 
ences in hardness are not due to differences in cooling 
rate at critical temperatures, since this fact provides 
some tolerance in the precision of thermocouple loca- 
tion. 

The effectiveness of a welding technique in producing 
satisfactory properties in the zone adjacent to the weld 
is dependent to a large extent upon the cooling rates 
which result from the welding process. Since funda- 
mental metallurgical information should prescribe the 
limiting cooling rates for satisfactory physical properties, 
this investigation was designed to supply the quantita- 
tive relationship between thermal history adjacent to a 
weld and the conditions used in making the weld. 
Cooling rates, or more precisely, cooling curves are prin- 
cipally determined by weld energy input per unit length 
of weld, plate thickness, plate temperature and plate 
geometry. The principal thermal properties of a steel, 
thermal conductivity and specific heat, also determine 
the cooling rate, but this investigation indicates that 
these properties do not differ among most of the low- 
alloy steels sufficiently to have other than a second order 
effect in determining cooling rate. This fact is of great 
importance since it becomes necessary only to determine 
the quantitative relation between welding conditions 
and cooling rate for a single steel. The information thus 
obtained may then be applied to all other steels of the 
ordinary plain carbon or low-alloy types. 
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Procedure 


Thermocouple T echnique.—In addition to preparing the 
plates for welding as described above, holes were drilled 
for insertion of thermocouples in the heat-affected zone. 
Chromel-Alumel thermocouple wires were used for this 
investigation. The ends of the wires in many cases were 
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fused into the edge of the deposited metal with the result 
that the junction occurred at the edge of the heat zone 
reaching the highest temperature. The recorder was 
connected so that full scale deflection corresponded to 
50 mv. which represents approximately 2275° F. Thus 
the actual records would rise to the top of the scale and 
remain at the top until the thermocouple dropped to 
2275° after which the record would proceed on the 
chart in the normal manner. This arrangement was 
considered perfectly satisfactory since the important 
metallurgical transformations all occur at temperatures 
many hundreds of degrees lower than the top of the re 
corder scale (see Photograph 2). 

The drill size used for making the thermocouple hole 
was No. 55 having a diameter of 0.052 in. Ten-mil 
thermocouple wires (diameter 0.010 in.) were inserted in 
pyrex tubing having an outside diameter of 0.022 to 
0.025 in. These thermocouples were then flash welded 
to the bottom of the thermocouple hole which had pre- 
viously been drilled to a point '/,». in. from the surface 
which would fall in the heat-affected zone of the top or 
last pass of the weld, immediately adjacent to the de- 
posited metal. The flash welding of the thermocouple 
into the bottom of the hole is an extremely important 
part of the technique, since only in this way is it possible 
to obtain a smooth and accurate response of the thermo- 
couple to rapid changes in plate temperature. While 
merely placing the thermocouple in the hole is adequate 
for static temperature measurements, or for temperatures 
which change very slowly, there will be an erratic and 
unsatisfactory response to rapid temperature changes 
unless the thermocouple is actually in such intimate 
contact as is provided by welding to the plate metal. 
The flash welding of thermocouples is accomplished by 
charging a battery of condensers having an available 
capacity of approximately 200 to 250 microfarads, to 
voltages between 250 and 500. The intensity of the dis- 
charge may be controlled by a variable resistance having 
a maximum resistance of approximately 50 ohms or 
else by changing the voltage to which the condensers 
are charged. The thermocouples may be previously 
flash welded together by flashing the two wires against a 
carbon plate, or else each thermocouple may be inserted 
and flashed separately to the bottom of the thermocouple 


hole. When properly welded, a strong pull will not dis- 
lodge the wires. Photograph 3 shows thermocouple 
placement. 


TYPICAL HEATING AND COOLING CYCLE 


TEMPERATURE 
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Photograph 2—Reproduction of Chart from Automatic Temperature-Recording Equipment. Chronograph 
Record at Lower Edge of Chart Used for Calculating Arc Travel Speed 
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Photograph 3—Macrosection of Weld in NE 8620, Showing 
Thermocouple Placement and Hardness Indentations. 6 


Measurement of Welding Conditions 


In using a.-c. welding equipment, the arc power was 
conveniently measured by an Esterline-Angus Recording 
Wattmeter connected to the circuit by means of poten- 
tial connections and a current transformer. It was 
found to be somewhat less satisfactory with the a.-c. 
circuit, to measure the arc voltage, owing to the react- 
ance drop in the current-carrying leads. It was found 
preferable to measure the current with an ammeter con- 
nected to the same current transformer as that used for 
the wattmeter, and then to calculate the voltage from 
the power and current, if desired. It would have been 
preferable also to have had a recording ammeter for 
current but, since this was not available, several readings 
of current were taken during the making of each weld. 

Arc travel speed was measured by means of a chrono- 
graph pen attached to the recording milliammeter. which 
measured the thermocouple electromotive force. The 
chronograph pen was actuated by a switch attached to 
the travel carriage and making contact at points located 
a definite distance apart (see Photograph 2). 


Relation of Experimentally Determined Cooling 
Curves to Mathematical Solutions 


It was realized at the outset of this investigation that 
altogether too much experimental work would have to 
be done to be able to compile a complete set of tabulated 
information which would permit the duplication of cool- 
ing curves for any plate thickness and at any plate tem- 
perature. Therefore, the experimentally measured cool- 
ing curves were used to determine cooling rates at sev- 
eral ten perature levels. Mathematical solutions were 
then obtained, making use of graphical methods described 
below, and the coefficients of the mathematical equations 
were so adjusted as to reproduce the cooling rates meas- 
ured from the experimentally determined cooling curves. 
By this means the experimental data could be extended 
widely so that complete data could be supplied, involving 
almost any desired information. An effort has been 
made in this report to present some of these data in a 
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form which should be useful when it is desired to dupk 
cate cooling curves under a variety of conditions 4 
plate temperature and plate thickness. A study o§ the 
data will give an excellent picture of the impor 
plate thickness in determining whether a steel cay be 
readily welded. That is, it is quite readily apparent tha 
reasonably slow cooling rates can be obtained jp the 
thinner plate sections but that it is only with very pj.) 
degrees of plate preheat that similar thermal cycles oy 
be obtained in heavier plates. The experience gaines 
in modifying the mathematical solutions gives 4 gop 
picture of the behavior of plates during their cooling 
from the welding temperature. Mathematical solution: 
can be derived either upon the assumption that the 
plate is heated uniformly through its thickness during 
the welding operation, or the mathematical solutioy 
may be based upon the assumption of a plate of infinite 
thickness. The former case above is approached jy 
the welding of thin plates, and the latter condition js 
approached in the welding of heavier plates. The transi. 
tion from thin plate behavior to infinite thick plate be 
havior occurs within the range of plate thicknesses stud 
ied in this investigation. In the intermediate plate 
thicknesses in the vicinity of 1 in., that is, in the range 
between '/, and | in., the plate will behave at first as a 
thick plate, and then as temperature drops and heat is 
conducted to the opposite surface of the plate, the be- 
havior will change in the direction of becoming a thin 
plate. It is a common experience in welding that when 
the plate thickness exceeds 2 in. the welding conditions 
do not continue to increase in the severity of their 
metallurgical effect on the plate material. In the course 
of this investigation it has become obvious that under 
conditions of moderately low power input and moder- 
ately high are travel speed, even a 1-in. plate behaves 
essentially as an infinitely thick plate during the signif- 
icant part of the thermal cooling cycle. Under these 
conditions, a 1'/s-in. plate cools no more rapidly than 
the l-in. plate through the range of important metal- 
lurgical transformation. One of the important modi- 
fications of mathematical solutions for cooling rate there- 
fore involves a factor to take care of the fact that the 
plate may behave to a certain degree and for a certain 
length of time in the cooling cycle as a plate of infinite 
thickness. One of the modifying factors in the mathe- 
matical solution will therefore be a measure of the ‘‘de- 
gree of infiniteness’’ of the plate thickness, and this will 
vary with time after the arc passes the point in question. 
Another modification of the equations is based upon the 
fact that the mathematical solutions assume a_ poitt 
source of heat delivery, whereas the molten pool of 
weld metal, in passing along the plate surface, acts as a 
distributed source of heat. With a distributed heat 
source the steepness of the temperature gradient and of 
the thermal wave front is reduced. Under this condition 
heat flows away from the elevated temperature region 
less rapidly. This makes the plate behave as though 4 
greater power input had been supplied by the arc. The 
mathematical solutions have, therefore, to be modified 
by introducing factors which multiply the actual power 
input to give the effective power input resulting from the 
distributed heat source. It is for this reason that the 
mathematical solutions do not help us to determine the 
actual efficiency of the electric arc as a heat source. 
Although we are perfectly aware that the total power 
delivered to the electric are is not utilized in heating the 
plate, the mathematical solution based on the assumption 
of a point source of heat, requires modification based on 
the fact that the actual escape of heat from the weld area 
is less than would be predicted by the mathematica! 
solution, since the actual heat source becomes an ex 
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pool of molten metal rather than the mere point 


tended 
contact of the are with the plate. Before discussing 
further the results of this investigation, the mathematical 
determination of cooling rates during arc welding will be 
discus ed. 


Mathematical Determination of Cooling Rates 
During Arc Welding 


It may be shown? that for a single bead deposited on 
the surface of a very large, thick plate the temperature 
at a point in the neighborhood of the bead is given by 
the equation : 


Ow 


(1 
— fo = (4185)2eKR 
where 
T = Temperature at the point, ° C. 
T = Initial plate temperature, ° C. 
a = Effective heat input, watts 
K = Thermal conductivity, cal./sec. em., © C. 


Thermal diffusivity = cm.?/sec. 


= Density, gm./cm.* 
= Specific heat, cal./gm., ° C. 
Speed of electrode, cm./sec. 
ks = —VS = —distance from electrode to point 
measured along center line of bead to foot of 
perpendicular from point to center line, cm. 


S = Time in seconds from instant electrode passes 
foot of perpendicular from point 

R = Distance from electrode to point, cm. 

e = Base of natural logarithms 

1.185 = Conversion factor to allow V.. to be measured 


in watts instead of calories/sec. 


Equation (1) was derived on the assumptions that: 

|. The thermal properties of the material remain 
const. 

2. A point on the surface directly beneath the are 
may be considered as a point source of heat 

3. Heat losses through the plate surface to the sur- 
rounding atmosphere may be neglected. 

4. The plate is wide enough to be considered as in 
finitely wide. 

5. Heat created by Joule effect in the plate may be 
disregarded. 

6. The physical state of the plate undergoes no 
change in the immediate vicinity of the heat source, i.e., 
there is no melting of the metal. Therefore, equation (1) 
applies only outside the fused zone. 


As will be explained later, the fact that the metal melts 
and leaves a pool of molten metal trailing the electrode 
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has the effect of an apparent increase in heat input to the 


plate. 

Let the point be on or very near the surface of the 
plate at a distance d (cm.) from the center line of the bead. 
Then 


t= —Vs 
R=VVS° 4+ & 
and equation (1) becomes 


Qe _\V(V/V2S? + 
(4.185)2rK(V?S? + d?)' 
(2) 
Differentiation with respect to S produces the cooling 
rate 


( Vs 
M1 — (3) 
V*S? + 


Now, for a plate with known thermal constants, \ and 
K and initial temp., 7», the cooling rate (at a point at 
distance d cm. from the center line at any desired tem- 
perature 7, velocity V and input Q..) may be found by 
solving equation (2) for S, and using this value of S in 
equation (3). For the numerical calculations the con- 
stants of the steel were taken as follows: 

= 4.37 sec./cem.* 

K = 0.14 cal./sec. em., ° C. 

C = 0.155 cal./gm., ° C. 

6 = 7.9 gm./cm.* 


The solution may be carried out graphically as indi 


cated in Fig. 2. (Follow arrows magked © .) 
As the figure shows the graph of Q.. vs. S is very nearly 


linear. 

Similarly, for a plate thin enough to be welded by a 
single bead through the entire thickness the temperature 
becomes 


T — T= — MEK 
2rKe(4.185 
where 
v = Effective heat input, watts 
g Plate thickness, cm. 


Ko(A VR) = Modified Bessel function of 2nd kind 


e~rVR ( w ) for values of R within 
2QA1VR the range of interest 
R Distance from electrode to point 


Other quantities are as previously indicated 
Approximating Ko(A VR) as indicated above, 
T —T, (5) 


from which 


A cooling rate may be found as indicated im Fig. 2. 


(Follow arrows marked 0.) Note that the (» “line’’ is 
slightly curved, and has less slope and is lower than the 


or (35) 
VY. line. The (53), curve is lower than the a5) 
curve. 
An intermediate plate which is too thick to be welded 
by a single bead but which is too thin to be considered 
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infinite will at first cool rapidly at a rate somewhat less 
than the cooling rate for an infinite plate, then more 
slowly at a rate somewhat greater than the cooling rate 


for a very thin plate. Let (35), represent this cool- 
T 
ing rate for the intermediate plate. Then the ($s) 


oT oT 
curve will lie between the (35), and (35). curves 


as shown in Fig. 3. 
Let 


(3s), (as), * (3s). (3s).] 


where 8 may be considered a parameter, approaching 
unity when the cooling rate approaches that of an in- 
finite plate, and approaching zero when the cooling rate 
approaches that of a very thin plate. Thus 


VS S 
( VV2S? + 3) V*S? + d? 
VS S 
] re on 
+ 3) 2(V2S? + d? 3 


a(1 - 


VS ) 
V2s2 4 ad? 
S(1 + B) 


2(V2S? + d?) 
VS 
(1 
( VV?S? =H) | 8) 


Integrating equation (8) with (S and 7 variable) 
and simplifying yields 


= —(T - 


Ae>vV V38? + d?—VS) 


(9) 


T-T= 
(V2S? + d*) “4 


where A is a constant of integration. 


Comparing equation (9) with equations (2) and (5) 
shows that when 
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Equation (9) may now be written 


+ d*) "4 


or from equation (1) 


V 


Qe. = (4.185)24K(T — + d? 
x Vs) 


and from equation (11) 


2 and 


1+8 
Q, = (4.185)24K(T — Ty)(V2S? + d?) * 
Therefore 
(14) 
(V2S2 + d?)'/s 
at 
)~ 
at), NGS) 


Fig. 3 
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When an “intermediate” plate cools after welding, 8 
will vary, taking on values near unity during the early 
part of the cooling and decreasing with time. A value 
of 8 may be found from a measured curve of temperature 
vs. time by measuring the cooling rate at a particular 
time and temperature and using equation (8) in which 
all quantities will be known except 8. 

The value of d used in equation (8) must be known 
with considerable accuracy. It may be measured, as the 
distance from the center line of the bead to the thermo- 
couple, after the plate has been sectioned or, it may be 
determined for plates one or more inches thick by assum- 
ing that the plate cools as an infinite plate at least through 


the 700° C. pt. A family of (53) curves may then be 


drawn at 700° C. for various values of d. Knowing the 
time required, after the passing of the electrode, for the 
temperature to fall to 700° C. and the cooling rate at 
this time the value of d may be determined (see Fig. 4). 

When d and 8 are known Q; may be found from equa- 
tion (14) using the value of Q. as given by equation (12). 

Additional values of 8, for different values of S, may be 
found by the same method but, for simplicity, it is found 
desirable to assume that for a first approximation the Q, 
graph may be taken as a straight line determined by two 
points whose abscissas are the values of S for 700° and 
400° and whose ordinates are Q, (calculated as explained 

. 700 — 7 
above 700° 
| ve using S for 700° C.) and Q, 400 — T,’ 
tively. That the latter ordinate may be used is evident 
from analysis of equation (13) which shows that, for 
fixed values of the other variables, Q, is directly propor- 
tional to (T — 7»). 

Once the Q, line has been established the values of Q, 
for any value of S may be read from the graph. Values 
of 8 may then be found from equation (15) using values 
of 0. as given by equation (12). Values of cooling rate 
are then given by equation (8). 

The values of 8 so determined show the expected de- 
crease with time but, in some instances, show a subse- 
quent small increase for large values of S. This is due 
to the simplifying assumption that Q,; is linear. In such 
instances it is found desirable to assume that, when the 
value of 8 as determined by the above method has reached 
its minimum value, it remains constant. Subsequent 


respec- 
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TIME _ SECONDS 
Fig. 4 


oS 
value of 8 in equations (14) and (8). The Q, graph will 
then be slightly curved. There will be some curvature, 
too, for small values of S when the Q, “‘line’’ first de- 
viates from the Q. line. Values of 8 are given in Table I. 


values of QV; and may be found by using this mintmum 


Table I 
Values of 
Thickness Speed Time in Sec, After Passing of Electrode 
inches cm,/sec, in./min. 5 7.5 10 15 20 30 40 60 
1/4 0.3 i 43 
1/2 0 +6 2 ) 
be t 3 125 
5/8 1 + 
0.5 € 
3/4 
1.€ 1 1 - 
i 3 1 
1-1 


It is now possible, given a measured temperature vs. 
time curve on which the time at which the electrode 
passed the thermocouple is accurately indicated, to 
determine the values of 8 and to graph the Q, “‘line”’ and 


($s) curve for any temperature say 700" C. Once 


these have been plotted the corresponding graphs for 
any other temperature may be found by proportionality. 


Thus for 500° C. the Q; and (55) ordinates are ob- 
tained by multiplying the corresponding ordinates for 
700° C. by 200 = 
— Ts 
The method may be summarized as follows: 
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1. From the curve find the cooling rate at 700° and 
the times, Sy and Soo at which the temperature falls 
to 700° C. and 400° C. (Take time as zero when elec- 
trode passes thermocouple.) 

2. With the cooling rate at 700° use equation (8) to 
find 8 and equation (14) to find Q,. 

3. Plot two points (Sz, Q;) and (Su, 7) 

0 
and join by a straight line. 

4. From the above Q; line read values of Q, for S = 
5, 7.5, 10, 15, ete. Calculate the corresponding values of 
QV. from equation (12). Then calculate values of 8 from 
equation (15). (Note procedure above when values of 8 


show increase.) 
5. With these values of 8 calculate values of (55) 


at S = 5, 7.5, 10, 15, ete., using equation (8), and plot 
these values on the same graph with the Q, “line.” 


6. Multiply the ordinates to the above Q; and (55) 


500 — To 400 

IT? hs 4 = 2 
graphs by — and 700 — T> to form the correspond 
ing ordinates for 500° C. and 400° C., respectively, and 


plot. Extension to any desired temperature may be 
made similarly. 
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Fig. 5—Schematic Diagram Showing Method of Finding Time 
and Cooling Rate When Effective Input Is Known 


The above figure is schematic. Actual time-cooling rate curves 
may be found in the Appendix of this report. 


When the curves have been drawn they may be used to 
determine cooling rates (at the same electrode speed and 
same distance from the center line of the bead) for any 
effective input in watts. Figure 5 illustrates the method. 

This figure is schematic. Actual time-cooling rate 
curves may be found in the Appendix to this report 

If curves are desired for a point nearer the center line 
bead than would be given by the above they may be 
found by using the same values of 8 as found above and 
recalculating with a smaller value of d the values (, 


ana (22 
anc oS 


Curves for different values of electrode speed must be 
found from experimental temperature vs. time curves 
taken at those speeds or by interpolation between curves 
determined from such experimental curves. 

Curves for a different value of initial temperature, 7», 
may be found by direct proportionality. 

Thus, for any plate thickness, two experimental curves, 
one each at the maximum and minimum values of speed 
required, are sufficient to determine curves of the type 
shown in Fig. 5 for all intermediate speeds (by interpola- 
tion) and for all values of 7) (by proportionality). 

It is found that some of the calculated values of Q, 


) as given by equations (14) and (8). 
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are considerably greater than the actual inpy: 
This may be due in part to the use of a high Value of 
conductivity (K = 0.14 cal./sec. em. ° C.). 
lation with a value of K = 0.11 shows that the 9 i . 


are lowered considerably while the (Ss) cur 


in w itts 


Ines 


unchanged for large values of time and lowered oy), 
slightly for small values of time. The effects are 4 4 
crease in effective input, a slight decrease in tim: required 
to fall to any temperature and almost no change ; peter 
ing rate at that temperature. 

The following table shows the measured a; 
lated cooling rates and times for a top bead on 4 
plate welded at room temperature using 7800 watt 
a */i inch Murex Type F rod traveling at 11.9 in 
The calculated values are determined for K 
cal./sec.cm., ° C. Examination of the table show: that 
both times and cooling rates are very little affected py 
changes in conductivity. There is a considerable differ 
ence in effective input in the two cases, however. Fo, 
K 0.14 the effective input is 10,500 watts while for 
K 0.11 the effective input is only 7800 watts. This 
difference is taken care of by an “input factor’’ defined 
later. 


10] 


caley 


n 


ind 
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Comparative Values of Time and Cooling Rate Using 
Different Assumed Thermal Conductivities 


K = 0.14 cal./sec. em., ° C. and K = 0.11 cal./sec. em. ° ¢ 
Calcu- Caleu 
lated lated 

Meas- Using K Using | 
ured = 0.14 0.11 

Time to reach 700° C., sec 5.4 7.5 7.2 

Cooling rate, ° C./sec. 77.5 79 77.5 

Time to reach 500° C., sec. 9.3 11 10.4 

Cooling rate, ° C./sec. 35.4 39.4 39.0 

Time to reach 400° C., sec. 12.8 14.2 13.3 

Cooling rate, ° C./sec 26.2 25 4 


Another reason for the high values of (, lies in the 
fact that the above equations are based on the assumption 
that the physical state of the plate undergoes no change 
in the immediate vicinity of the heat source, whereas 
actually there is a pool of molten metal trailing the mov. 
ing electrode. The heat given up by this molten metal as 
it solidifies some time after the passing of the electrode 
constitutes a “‘delayed’”’ heat input and has the effect of 
an increase in the actual input at the theoretical point 
source. 
Let an input factor (J.F.) be defined as 
LF. = 


= (16) 


actual watts input 


. Values of I.F. may be found directly by calculating the 
values of Q; and dividing by the measured input in watts, 


Ol \ .. 
or, after the Q; and (55) lines have been drawn, by 


finding the effective input necessary to produce a known 
cooling rate under known conditions of speed, plat 
thickness and plate temperature and dividing this effec 
tive input in watts by the measured input in watts. 
Values of I.F. are given in Table II. 

Inspection of the table shows that the input factor 
varies Over a wide range, being affected by plate thick- 
ness, plate temperature, electrode speed and size 0! 
electrode. 

The variation with speed and electrode size. is caused 
by changes in the size and shape of the pools of molten 
metal trailing the electrode. The variation with speed 
is found to be linear. 
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Table II—Input Factors 


trode 
speed, Temper ire 
om. in./min. 72°F 210°F 400°F 
7 l. l 16 
ll. 
l l 
4 A 5 
3 7.4L 1 l 
11.8 5 
7.1 
0.f 11.8 1.36 1.36 5 1 
1 4 0.3 7.1 1.34 1.34 1.3% be 
0.5 11.8 1.44 1.44 1.4 1.40 
1-1/2 1/4 9.3 1 1.34 1.34 1.3 1.3¢ 
0.8 11.8 1.44 1.44 1.42 1.40 


The decrease of the input factor with initial plate 
temperature is due to the decrease in temperature differ. 
ence between the heat source and the plate with a con- 
sequent decrease in heat transfer from the heat source to 
the plate. The variation with plate temperature is 
found to be linear. 

The decrease of the input factor with decrease in plate 
thickness is due to the greater preheating effect with 
thin plates. 

It is now possible, given any input in watts at any elec- 
trode speed, to find I.F. from Table II, then Q,; from 
equation (16), then cooling rates from curves of the type 
shown in Fig. 5. 

Thermocouple records have been determined experi- 
mentally, giving temperature vs. time for top beads on 
‘/yin., l-in. and 1'/9-in. plates at initial temperatures of 
di, 72°, 210° and 400° F. And the corresponding 
values of 8 and I.F have been calculated (see Tables | 
and Il). Representative time-cooling rate curves, of 
the type shown in Fig. 5, are given in the Appendix. 

These curves have been used to determine times and 
cooling rates for a wide variety of welding conditions and 
the values have been found to be in reasonably close 
agreement with experimental values obtained under the 
conditions. 

Table III shows the comparison between measured 
and calculated times and cooling rates for top beads on 
1, ‘/e- and 1'/s-in. ship steel, NAX 9115 and SAE 1035 
at 700", 500° and 400° C. (with some also at 600° C., 
1300° F., 1000° F. and 700° F.), with initial temperatures 
ranging from 0 to 200° C. 

It will be noted that the measured time required for the 
temperature to fall to 700° C. differs in some instances 
irom the calculated time. This is believed due largely 
to the fact that the calculated time is based on distances, 
d, from the center line of the bead to the thermocouple 
of 1.0 em. for a '/s-in. plate at a velocity of 0.3 cm./sec.; 
0.60 em. for a '/s-in. plate at a velocity of 0.5 cm./sec.; 
0.80 cm. for a l-in. plate at a velocity of 0.30 cm./sec. 
and 0.60 em. for a 1-in. plate at a velocity of 0.50 cm. 
sec., distances which correspond very nearly to positions 
at the edge of the molten metal, whereas the thermo- 
couples were not always placed in such positions. In- 
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spection of Fig. 4 shows that, while the cooling rate is 
very little affected by distance from center line of bead,the 
time required to fall to 700° C. is considerably affected. 

In most instances the measured and calculated co: ling 
rates at 700" and 400° C. are in close agreement but the 
calculated rates at 600° C. and, in a few instances, at 
500° C., are high relative to the measured rates. This 
may be explained by the fact that, as the temperature 
falls, the metal transforms and releases the heat of trans 
formation, thus slowing the cooling. The temperature 
at which the metal transforms and the rate at which the 
heat of transformation is released will depend on several 
factors such as, the composition of the metal, its ini 
tial temperature and the rate of cooling, so that the 
effects of the heat of transformation may vary consider 
ably. 

When the measured cooling rates at 700° C. on '/»-in. 
plate were considerably lower than the calculated rates, 
the weld section showed the thermocouple to have been 
placed somewhat under the bead, where the cooling rate 
is known to be lower than at the side of the bead. 

Measured cooling rates at 700° C. which are higher 
than the calculated rates are rare and are believed caused 
by a momentary change in the effective input to the 
plate, or to the thermocouple affected. Such a change 
might be produced by an uneven burning of the elec- 
trode or by a sidewise curling of the electrode, a phe 
nomenon which has been observed in several instances. 

The time-cooling-rate curves may be used to find 
cooling rates at 100° F. intervals from 1300 to 600° F. 
for all welding conditions. If cooling rate for a given 
plate thickness and initial temperature is plotted against 
energy input in joules per inch, for speeds of 0.30 cm. 
sec. (7.1 in./min.) and 0.50 cm./sec. (11.8 in./min.) it 1s 
found that the points fall very nearly on the same curve 
indicating that the cooling rate depends only on the 
joules per inch input and not on speed. Thus it is pos- 
sible to obtain the same cooling rate with various com 
binations of speed and watts input. 

Representative curves of cooling rate vs. 
inch are shown in the Appendix. Me 
are exhibited on these curves to show the agreement 
between measured and calculated rates. From these 
curves it is possible to determine the input necessary to 
produce any desired cooling rate at any of the 
specified temperatures, and with preheats of 31°, ¢2 


joules pel 


isured cooling rates 


210° and 400° F. 
Energy inputs to give cesired cooling rates at inter 
mediate plate preheat temperatures may b und from 


the above data. A graph of joules per inch vs. plate 
temperature for any fixed cooling rate is found to be very 
nearly linear, making it possible to interpolate for inter 
mediate plate temperatures. 
per inch vs. plate temperature are shown in the Ap 
pendix. 

Curves of joules per inch vs. plate temperature repre 
sent the final step in the preparation of tabular data 
showing the energy input in joules per inch required to 
produce any desired cooling rate | tempera 
ture level. Sixty-four tables of such data are shown in 
the Appendix. From joules per inch, obtaim 


il curves ol joule > 


itany sel 


ed from the 
tables, arc current may be calculated by use of the fol 
lowing equation, assuming values of arc travel speed and 
are voltage: 


(joules/in.) X (travel speed in in./min. 


Are amperes = +e 
OU 


are volts 

The above-mentioned tables present the major part 
of the useful information which this investigation set out 
to determine. They provide the desired link between 
cooling rates and welding conditions 
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Time and Cooling Rate as Functions of Joules per 
Inch Input 


One of the fundamental principles for the avoidance of 
cracking of welds in hardenable steels is to temper the 
structure before the temperature has dropped much below 
the martensite-forming range. If a cascade technique is 
arranged so that a second pass is deposited before the 
temperature in the zone adjacent to the first pass drops 
below a certain temperature, the heat of the succeeding 
pass can temper the preceding pass and help to prevent 
cracking. In order to determine the time available 
between passes for such cases, a special mathematical 
solution was developed. 

The time to reach any tem perature down to as low as 
600° F. may be found (together with the cooling rate at 


+ 


this temperature) for any specified welding condig;, 


from the corresponding Q; line and ><] Curve 
Below 600° F. the intersections become too 
make this method practicable. For such low tem 


pera 
tures the time will be so great, however, that 8 m 


ay be 


assumed to have reached a constant value andy \/?§: {), 
may be taken asVS. Then equation (13) may be writte, 


O, = 4.185(2rK)(T — To)(VS) 2 ( = 


Replacing (; by watts X (I.F.) and rearranging vields 


1+8 


watts (1.F.) 


2r\'2 
4.185(29rK)(T — (>) 


Table III—Table Showing Typical Measured and Calculated Values of Cooling Rate and Time—Top Pass Butt Welds 


1/2" PLATE - 3/16" ELECTRODE 


Actual Input 


Measured and Oaglculated Values of Cooling Rate in. °F./sec. + 
Measured and Calculated Values of Time at 


Specimen Des- Electrode x I.F. = 13500°F. 1000°F, 700°F. 
No. cription Speed* Effective Meas. C.R. Meas. Time Meas. C.R. Meas. Time Meas. C.R. Meas. Time 
inches/min. Input, ts Cal. C.R, Cal. Time Cal. C.R, Cal. Time Cal, C.R. Cal. Time 
121 1/2" Plate 7.05 6400 x 1.02 33.35 13.2 11.9 33.5 5.4 69.1 
72°F. = 6530 51,1 10,7 13,3 30,2 4,5 66,0 
Ship 
123 Steel 11.9 6900 x 1.25 105.0 6.8 28.8 13.0 10.9 50.7 
= 8700 111,0 6,7 36,0 13,5 10,5 29,5 
124 ° 11.55 6800 x 1.26 106.0 5.7 28.35 11.2 10.3 50.5 
= 8560 116,0 6,5 37,4 13,0 10,8 28,8 
136 ° 7.21 8000 x 1.02 21.1 20.2 8.3 54.7 3.7 102.9 
= 8150 19,8 24,8 9,0 44,2 3,3 109,0 
137 ® 7.16 8200 x 1.02 17.8 22.6 8.1 53.2 3.7 106.1 
= 8360 18,5 27,1 8,1 61,5 3,1 112,0 
138 ° 7.28 8000 x 1.02 20.0 18.9 8.35 49.5 3.8 103.3 
= 8150 19,8 24,8 9,0 44,2 5,35 109,0 
139 bd 7.26 6800 x 1.02 29.4 14.6 11.2 37.2 4.7 77.8 
= 6940 28,3 12,9 11,5 35,2 4,8 83,0 
140 . 7.13 7400 x 1.02 27.0 16.1 10.4 39.9 3.7 103.3 
= 7550 23,2 18,6 9,9 45.0 5,8 97,0 
150 1/2" Plate 11.65 6800 x 1.12 47.8 9.3 11.4 26.5 2.7 87.5 
=: = 7610 49,5 10,0 11,5 25,1 3,2 
Pp 
151 Steel 7.19 5900 x 0.88 19.2 16.4 7.8 47.7 2.1 125.0 
= 5190 20.4 13.1 6.5 47.0 1.8 150.0 
1~1/2" PLATE - 1/4" ELECTRODE 
$-101 Ship 7.10 10,000 x 1.34 70.0 16.0 36.0 22.7 22.7 32.8 
Steel = 13,400 70.2 15.6 40.0 21.3 19.8 32.0 
1-1/2" Plate 
37°F. 
8-76 Ship 7,04 11,800 x 1,354 51.8 18.7 27.0 27.6 14.6 42.9 
Steel = 15,800 56.0 19.4 32.0 26. 15.3 40.5 
1-1/2" Plate 
72°F. 
8-85 11.65 1.42 86.5 43.7 15.7 24.5 24.5 
tee = 600 89,3 11,4 26,3 
1-1/2" Plate 40,8 18,4 18,0 
$-93 210°F. 7.07 11,600 x 1.32 41.8 19.4 20.7 31.5 9.43 52.3 
= 15,3500 45.3 21.4 24.1 30.7 10.2 50.8 
8-79 7.19 41.0 17.5 18.9 30.5 4.2 61.5 
ee = 41,8 19,5 
1-1/2" Plate 18,9 30,3 4,5 61 
S-82 400°F. 11.65 10,600 x 1.40 61.6 11.7 23.8 20.4 6.7 41.2 
= 14,850 57.0 15.1 25.4 23.0 5.8 45.9 


SCalculations of Time are based on Speeds of either 7.1"/min. or 


11.8" /min. 
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Hence results for such speeds only are shown in table. 
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Table I1I—Table Showing Typical Measured and pees ee of Cooling Rate and Time—Top Pass Butt Welds 
(Continued) 


1” PLATE—3/16” ELECTRODE 


Measured and 


Calculated Values of Cooling Rate in °C./sec. and 


Actual Input 
x I.F 


Electrode = 


Spe Speed* Effective Meas. C.R. Meas. Time eas. C.R. Meac. Time Weac. C.R. Meas. Time Weas. C.R. Maas. Time 
N inches/min. Input, Watts Cal. C.R, Cal, Time Cal. C.R. Cal, Time Cal. C.R. Cal, Time Cal. C.R, Cal, Time 
— iv Plate 
= 286, 12.0 7200 x 1.36 82.5 3.8 57.5 5.5 43.8 7.2 27.7 10.2 
e Ship = 9800 65.5 6.8 61.5 8.2 42,5 10,1 26,8 13,0 
iteel 
4 ” 11.9 8400 x 1.36 76.5 7.3 36.8 11.8 27.6 4.5 
= 11,420 74,0 8,1 36,5 12,0 23,2 15,5 
453- ’ 7.16 8200 x 1.27 48.0 10.58 27.0 13.2 18.7 17.7 12.8 24.8 
= 10,400 45,0 12,6 31,4 15,5 20,2 19,4 11.6 25,6 
agt-2 11.9 7800 x 1.36 77.5 5.4 55.2 7.0 355.4 9.3 26.2 8 
: = 10,600 79,0 7.5 57,0 8.9 39,4 11,0 25,0 14,1 
sre SAE 7.30 6800 x 1.27 55.5 8.0 357.3 10.3 21.9 14.1 16.5 19.6 
5 1035 = 8650 56.5 9,8 39,5 12,1 25,8 15,5 15,0 20.7 
1" Plate 
SAE-B 22°C. 7.01 9200 x 1.27 40.0 15.6 2.2 17.1 19.6 21.8 12.0 28.5 
7 = 11,609 38,6 14.4 27,3 17.5 17,0 22.0 9,5 >.0 
NAX-A NAX 7.14 6800 x 1.27 56.4 36.2 16.4 13.8 
9115 = 8650 55,2 39,6 26,2 15,0 
1" Plate 
WAX-B 22°C, 6.96 10,800 x 1.27 32.3 15.9 8.8 6.5 
= 13,650 31,3 21,5 14,0 7,8 
5-25 Ship 7.16 7300 x 1.27 55.3 8.5 32.8 10.8 19.6 15.1 15.3 20.8 
Steel = 9280 54,4 10,3 38,5 12,9 26,5 16,2 15,5 21,3 
1" Plate 
5-28 3°C. 7.17 8000 x 1.27 48.0 9.2 29.4 12.3 19.2 16.7 12. 23.0 
= 10,150 49,5 11,7 34,0 14,6 23,2 18,1 13, 23,7 
$..36 Ship 7.01 7800 x 1.25 35.0 14.3 19.1 18.5 12.2 24.7 7.4 34.0 
Steel = 9750 37,2 13,5 24,5 17,0 14,2 22,2 7,5 31,0 
1" Plate 
$-36 100°C, 11.7 7000 x 1.34 70.0 6.0 41.7 8.0 25.9 11.0 19.2 15.0 
= 9380 70,5 7,5 48,0 9,2 31,0 10,7 17.6 15,7 
8-29 Ship 7.07 6600 x 1.23 30.3 11.0 15,3 16.2 10.2 23.9 2.6 43.2 
Steel = 8100 51,2 13,4 18,5 17,8 9,5 25,1 3.5 «0,1 
1" Plate 
5-30 200°C. 11.8 6600 x 1.3 51.4 5.1 22.9 9.7 17.0 13.8 5.9 22.9 
= 8700 52.0 8.4 33.0 10.9 19.0 14.8 8.2 22.6 


Walculations of Time are based on Speeds of either 7.1"/min. or 
11.8"/min. Hence results for such speeds only are shown in table. 


or 


_ joules/in. (I.F.) 


= 
9.35(T — | (>) 
Similarly equation (8) yields 
oT 1+ 8 
= —(T — 
or substituting the value of S from equation (17) 
oT 1+ 8 
= —(T — T 
oS joules/in. (1.F.) is 
9.35(T — (>) 
(18) 
When 8 = 1, equation (18) becomes 
oT 9.35 
= 2 ( 
oS T») joules/in. (1.F.) 
and when 6 = 0, 
oT (9.35g)?r 
—(7 — — (20 
os [joules/in. (1.F.)| 
21.8(g)? 
—(T — (21) 


[joules/in. (I.F.)|* 


lhe numerical constants in the above equations were 
obtained by taking K = 0.14 cal./sec. cm., ° C. and \ = 
4.37 sec./em.?. 
1+ 
Analysis of equation (17) shows that S~ 2 varies 


directly with both joules per inch and I.F. The greater 
values of I.F. which prevail at high travel speeds would 
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indicate greater time to fall to a specified temperature 
with a high travel speed than with a low travel speed, 
other things being equal. This is offset, however, by the 
low values of 6 which prevail at the lower speeds. As 
already shown, the cooling rate at any temperature is 
independent of travel speed; therefore, except for small 
initial differences, the time required to fall to any tem 
perature must be independent of travel speed. Thus, 
the effect of the increase in the value of I.F. is just offset 
by the increase in 8. Values of S may be found, there 
fore, by using any assumed travel speed and the corre 
sponding values of 8 and I.F. 

Table IV shows values of time as a function of joules 
per inch input. Calculations were based on a speed of 
0.30 cm./sec. except in the case of the 1'/2-in. plate where, 
since 8 was so nearly unity at 0.30 cm./sec. that no 
allowance was made for its variation, calculations were 
based on a speed of 0.50 cm./sec. 

For low temperatures and high values of preheat, the 
theoretical values of time to reach temperature are very 
high. This is due to the fact that the calculations are 
based on the assumption that the preheat is maintained 
and no heat is lost to the atmosphere. These assumptions 
are not even approximately true over long time intervals, 
consequently the high values of time in the table should 
not be considered as correct but merely as an indication 
of their order of magnitude. 

Equation (18) may be used to find cooling rates for 
relatively small values of (7 Ty) or even for fairly 
large values of (7 — 7) if the values of joules per inch 
are large enough so that the value of 8 has reached a 
constant value by the time the plate has reached the 
temperature at which the cooling rate is desired. Many 
points on the cooling rate vs. joules per inch curves were 
obtained by equation (18). 
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Table IV—Cooling Times to Sub-Martensitic Transformation Temperatures 


__Time_ jn Sec. to Reach s00°F 
Plate ( <3 piste. 1/2 1-1/2" 1/2" 
Temp. x 10 Plat te late eee te Figte lat 
“Fe YE 3716"E 74"E 4 S/ISTE 3/1 
30 37.5 61 107 
40 66.5 22 24 24 104 30 32 31 205 
37 60 149 36 39 36 156 50 53.5 46 460 
80 265 52 55.6 48 4352 74 75.9 62 820 
100 415 69 74 60 670 93 100 77 1280 
30 42 71.5 146 
40 74.5 24 26 26 113 36 36 34 260 
72 60 167 40 43 39 285 55 $0 52 585 
80 297 57 61 52 510 81 86 $8 1040 
100 465 76 81 65 790 106 114 85 1630 
30 82 194 875 
40 121 39 42 38 345 66 71 58 1560 
210 60 327 65 69 57 780 110 114 87 3500 
80 580 93 99 76 1380 158 170 116 6040 
100 900 122 132 94 2060 209 226 145 9700 
30 490 
40 870 130 157 107 
400 60 1960 214 254 161 
80 3460 269 365 214 
100 5450 407 484 268 


Although, as discussed above, the longer values of time 
cannot be considered accurate, the time intervals shown 
in this table should be of considerable assistance in set- 
ting up special welding techniques for the more harden- 
able steels. 


Comparison of Mathematically Derived Cooling Rate 
Curves with Experimentally Measured Cooling Rates 


In order to establish the proper modification factors 
to be used with the mathematical equations, factors were 
selected to cause the mathematical solution to most 
nearly approach the measured values at a temperature 
of 1300° F. The temperature of 1300° F. was selected 
for determining the modification of the mathematical 
solutions not only because it has been a common refer- 
ence temperature for cooling rates in other investigations, 
but also because cooling rates at this temperature level 
are not affected by heats of transformation. In com- 
paring the agreement of experimental points with mathe- 
matical solutions as illustrated in Figs. 6 through 29, it 
should be borne in mind that the mathematical solutions 
have had to be consistent within themselves throughout 
the range of energy input and for the different plate 
temperatures. Attention is called to this fact when it 
appears that a curve might have been drawn through 
several experimental points to represent these points a 
little more correctly than the mathematical curve. 
However, the continuous curves shown in these figures 
are the result of plotting the mathematical solutiors 
and are not drawn to fit the experimental points. Ar- 
other fact which must be borne in mind is that the mathe- 
matical solutions were modified for the cooling rates at 
1300° F. and the results shown at the lower tempera- 
tures of 1000° and 700° F. were in no way modified to 
make the mathematical solution agree with the experi- 
mentally determined cooling rates. It must also be 
realized that there should be a natural tendency for the 
experimental points to fall below the mathematical 
solution for the cooling rates measured at 1000° F. be- 
cause of the fact that the steel upon which these measure- 
ments were made transforms most rapidly in the tempera- 
ture range between 1100° and 900° F. In other words, 
the heats of transformation will affect the measured 
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values at 1000° F. In all of the experimental work th 
general tendency indicated less agreement in this rang 
and lower cooling rates than shown by the mathematic; 
solution. This does not alter the value of the math 
matical solution, since in the method of using thes 
data the effect of the cooling rate being actually lowe 
in the important region of transformation is perfect! 
proper and the method of selecting energy input by mean 
of the Jominy bar automatically compensates for th 
effect of transformation in reducing the actual coolin 
rate within the transformation range. When it is cor 
sidered that the modifying factors for the mathematica 


equations were established for the cooling rates 
1300° F., it is surprising that as good agreeme 


exists at the lower temperatures as is indicated in thes 
charts. 

It should be noted that the mathematical solutio 
does not account for losses by convection and radiat 
It is also assumed in the mathematical solution that th 
plate preheat temperature is maintained throughout th 
welding operation. In most cases this was not done i 
the experimental work, the plates being preheated t 
the desired temperature before the start of welding ea 
pass and then the preheating flames were turned 
during the actual welding operation. The 
effects of turning the preheat off, and of convection 
radiation, tend to make the experimental points hi¢! 
than indicated by the mathematical solution. 1 
effect is particularly noted in the '/4-, */s- and 
plate curves, when the cooling rates are measure 
700° F. In the case of the thinner plates and for c 
rates measured at the lower temperature levels, t! 
effects of convection and radiation are more pronounce 
The effect is also more pronounced for the higher energ) 
inputs, and for the preheated plate since the plate pr 
heating flames were turned off at the start of welding 
Fxamples of this combined behavior are shown in Figs. » 


coll | 


11 and 14, which illustrate cooling curves and experimenta 
plates, the cooling rates 


points in */s- and *'/2-in. 


being measured at 700° F. It will be noted that in the 


case of the preheated plates the experimental points 


are higher than the curves. However, this effect 1s © 
aggerated by the expansion of the cooling rate scales ' 
accommodate the very small values of cooling rates 1!us 
trated in these curves at 700° F. 
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Some difficulty was also experienced in obtaining goo vd 
tal points for the measurements at 37° F. in 
e plates were cooled by packing ice around them 
nd ies welded as quickly as possible after drying the 
curl ces of the plates. Condensation from the atmos- 
shere i the room tended to interfere with the possi- 
‘lity of welding on dry plates. However, sufficient 
nints were obtained so that the mathematical solution 
ld be checked with a fair degree of accuracy. A 
noteworthy fact concerning the cooling rates at 37° F. 
: d at the temperatures selected for these figures, 
e plates cool very little more — at 37°, 
are welded at 72° F. It 


xperin el 
‘hich th 


measure 
s that 
than a do when the plates 


therefore appears that the trouble experienced with 
cracking when welding at low temperatures is perhaps 
not due so much to differences in cooling rate as to dif- 
ferences in the ductility of the plate material being 
welded at these low temperatures, particularly that duc- 
tility measured in the presence of a notch 

For the '/,- and */s-in. plates, Figs. 6 through 11, and 
for the °/s- and */,-in. plates, Figs. 15 through 20, it will 
be noticed that experimental points were only obtained 
at plate temperatures of 72° and 400° F. It will be re- 
called that these data were obtained after that shown 
for '/2-, 1- and 1'/s-in. thickness plates. The mathemati 
cal solutions established the cooling rate curves for all 
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other plate temperature levels once the curve has been 


fixed at room temperature and at a different temperature beyond those which were planned for inclusion in tl 


in the early work of this investigation. This condition 
illustrates the very great value of the mathematical 
solutions. As a matter of fact, the data are included in 
tabular form at the end of this report for 7/s-in. plate. 
This was done entirely by means of the mathematical 
solutions based on experience as to the behavior of 
’/,- and l-inch plates. In the tables at the end of this 
report the mathematical solutions have furnished energy 


The generally good agreement between the exper 


that the latter have been established on a sound basis 
This agreement is even more remarkable when it is co! 
sidered that the mathematical solutions were modified 

1300° F. and were then simply carried down mathemati 


measured at that same temperature. It should be re 
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input data for five additional plate temperature levels 


115 


such as 400° F. That the mathematical solutions are report. This further illustrates the extension of data 
capable of establishing the cooling rate curves at these made possible by means of the mathematical solu 
other temperature levels, has been sufficiently checked _ tions. 


mental points and the mathematical curves indicates 


cally to 700° F. and compared with experimental pout 
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embered that heats of transformation at 1000° F., and 
nvection and radiation and lack of continuation of pre- 
teat flames at 700° F. in the thinner plates tend to cause 
«ome departure from the mathematical curves. Figure 21 
hows how well the m athematical curves fit the measured 
ooling rates at 1. 300° F. Figure 22 indicates the tend- 
ency for the experimental values to fall below the 
mathematical solutions, due to heat of transformation, 
when the cooling rates are measured at 1000° F., for 
this particular steel. Figure 23, for the same welding 
conditions, shows how well the mathematical curves 
ave carried down from 1300 to 700° F. when compared 
with the experimental points measured at this tempera- 


ture. 
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Figures 24, 25 and 26 show similar conditions for 1'/s- 
in. plate indicating the agreement at 1300° F. at which 
the mathematical solutions were modified. There is also 
indicated in Fig. 25 a slight tendency for the points to 
fall below the mathematical curves. In Fig. 26 there is 
good agreement above 60,000 joules per inch but a con 
siderable scatter of the experimental points for the lower 
values of energy input. The arcs were considerably less 
steady and the deposition less uniform when welding 
with '/,-in. electrodes at values of energy input in the 
neighborhood of 50,000 joules per inch. It would prob 
ably be better in this range to trust the mathematical 
solution than to depend too much on — experimentally 


measured cooling curves. Figures 27, 28 and 29 indicate 
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mathematical curves at the various plate temperatures 
for '/,-in. electrodes, and experimentally determined 
points for this electrode size obtained only in the case of 
the room temperature curves. It may be noted in this 
connection that there is again the tendency for the ex- 
perimental points to be low at 1000° F. due to the release 
of heat of transformation. Good agreement of the meas- 
ured and computed cooling rates at 700° F. is indicated. 

It is apparent from the above discussion of mathe- 
matical cooling rates and experimentally measured 
cooling rates that a basis of experience may be built up 
by which the mathematical cooling curves may become 
so well established as to be able to check the reliability 
of experimentally measured points, and in many cases to 
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explain differences which may be observed. In another 
sense the mathematical solutions are able to intelligent) 
average and evaluate the reliability of experimentally 
measured cooling rates and to greatly extend the cover 
age of the experimental data. 


Relation Between Top Pass and First Pass Cooling Rates 


In the initial plans for this investigation it was co! 
templated to measure cooling rates of first pass and last 
pass. In the experimental problem of making thes 
measurements it was found to greatly slow down th 
process of making welds when it was necessary to stop 
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operations after the first pass and cut out a section of the 
weld for determining thermocouple location and measur- 
ing maximum hardness. As it appears now it may not 
have been necessary to measure the maximum hardnesses 
except in a few cases and on more hardenable steels than 
were used in this investigation, and then merely as a means 
of correlating this program with the program at Lehigh 
University in which hardnesses were taken as the index of 
welding conditions. Ifit had not been necessary to meas- 
ure hardnesses it would have been very much simpler to 
make the first pass cooling rate measurements. In this 
case it would not have been necessary to section im- 
mediately after the first pass, but only to measure the 
cooling rate by a properly placed thermocouple with refer- 
ence to the first pass. As a result of measuring a large 
number of first pass cooling rates at different tempera- 
tures and in different plate thicknesses it became obvious 
that the first pass in the types of weld which were made 
in this investigation cools much more slowly than the last 
pass. This may probably be explained by the fact that 
metal is deposited more compactly in the first pass, 
resulting in much less conducting surface from the 
deposited metal to the plate. Also, when the first pass 
is being deposited, the arc being down in the groove tends 
to radiate a great deal more of its heat to the plate than 
it does when it is operating on top of the plate in de- 
positing the last pass. Conversely, when the top pass 
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is deposited, the metal is spread out in a wide thin layer 
with a maximum area for transmitting heat to the plate 
and also a larger volume of plate metal is available as a 
reservoir for the heat contained in the deposited metal. 
In other words, the last pass may cool by conduction of 
heat both laterally and in the direction of plate thick- 
ness. An example of the cooling rates measured in the 
case of l-in. plate welded with in. electrode in the 
form of a double-vee butt weld is illustrated in Fig. 30. 
In this case curves are shown for plates welded at room 
temperature and also at a preheat temperature of 400° F. 
The top pass cooling curves shown in this figure are 
the mathematically computed curves together with their 
experimental points. The first pass cooling curves are 
not extended beyond their range of experimental points 
since the mathematical solutions were not developed for 
these cases. It was determined after a sufficient number 
of first pass cooling curves were measured that the most 
severe conditions from a metallurgical standpoint are 
obtained in the last pass and not in the first pass. Asa 
result of these findings, and in order to speed up the pro- 
gram, it was decided to discontinue the measurement of 
first pass cooling rates. The idea of measuring first pass 
cooling curves was introduced in the program because 
of the experience of many that cracking difficulties are 
most likely to occur in the deposition of the first pass. 


Such behavior is apparently not due to more severe 
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cooling rates but to the fact that stresses are set up in the 
weld metal upon cooling, and that the weld metal of the 
first pass, being less adequately supported, is unable to 
withstand these stresses. In other words, the cracking is 
evidently due to the cooling of unsupported weld metal 
and not so much to any adverse effect of cooling rate. 


Effect of Electrode Size on Cooling Rate 


In the course of welding 1-in. A.S.T.M. A131-—39 ship 
steel it was found that there is a definite tendency for 
*/1-in. electrodes to produce a higher cooling rate ‘than 
‘/,-in. electrodes. This effect was observed when cooling 
rates were measured at 1300° F. and amounts to about 
a 5% higher cooling rate for the smaller electrodes. This 
effect is illustrated in Fig. 31 which shows the mathe- 
matical solution for cooling rates as a function of energy 
input, together with experimental points obtained from 
the top pass of butt welds in l-in. plate. In the same 
figure are plotted also the cooling rates at 700° F., show- 
ing that at this temperature level the cooling rates are 
more nearly the same. This behavior is to be expected 
since any difference in cooling rate at the same energy 
input would probably disappear at the lower temperature 
levels which occur at sufficient time later so that slight 
differences in the vicinity of the electrode are no longer 
effective. 

This difference in cooling rate at the high temperature 
level may be ascribed to a difference in the size of the 
pool of weld metal due to a difference in the amount of 
metal deposited by the same total arc energy input. In 
order to check this effect the amount of metal removed 
from the electrode was measured at different arc power 
levels. The data obtained as to the amount of electrode 
consumed at different power levels are plotted in Fig. 32, 
as the electrode consumption in pounds per inch of weld 
as a function of energy input in joules per inch. The data 
were presented in terms of energy input rather than in 
terms of arc power in order to present a simpler picture 
to be used in connection with the explanation of the be- 
havior illustrated in Fig. 31, which shows cooling rate 
plotted as a function of energy input. 

In the electrode consumption curves it is to be noted 
that in the overlapping range of operation between 50,000 
and 60,000 joules per inch, there was a definitely larger 
amount of metal consumed from the '/,-in. electrode 
when compared with that melted from the */,-in. elec- 
trode. At higher energy levels the data for the */j,-in. 
electrode become more erratic so that it is difficult to 
a decide whether at these levels there is an appreciably 
different amount of metal consumed from the two elec- 
trodes. This effect of electrode size has been shown to be 
< definite in the matter of cooling rate. One probable ex- 
| planation has been indicated in the different amount of 
. metal consumed from the electrode at the same energy 
i level in the case of the two different electrode sizes. 
It should be noted that in the most definite range of 


4 difference in electrode consumption the weld speed used 
ie with the '/,-in. electrode was approximately 11 in. per 
F minute, whereas to obtain the same energies in case of the 
16-1 in. electrode, an electrode speed of approximately 
: 7 in. per minute was used. However, in the range be- 


tween 40,000 and 50,000 joules per inch, travel speeds 
; with the */;¢-in. electrode of both 7 and 11 in. per minute 
¥ were used and the points in this case show no pronounced 
tendency to depart either way from the average curve. 
In order to check this behavior more thoroughly it would 
be preferable for future work to measure not only the 
electrode consumption but also the electrode deposition, 
by weighing the plates before and after welding. 


Effect of Steel Composition on Cooling Curves 


The study of the effect of steel composition on ex, ing 
curves was undertaken to determine the Magnitude of the 
effect of differences in thermal conductivity and specif, 
heat in the various plain carbon and low-alloy Steels 
The plain carbon steel upon which the original ex lin 
curve data were obtained was made to meet the A.S 1 Ve 
Specification A131-—39 structural steel for ships. This js , 
plain low carbon steel having 0.19 carbon and 0.4! may 
ganese. In order to determine how closely the cooling 
rates experienced in other steels approached those deter 
mined for the ship steel, several cooling curves were meas 
ured using SAE 1035 steel, NE 8620 steel and NAx 
9115X steel. The analysis of the NAX 9115X steel js 
C, 0.16; Mn, 0.49; P, 0.013; S, 0.020; Si, 0.80; Cr, 0.44 
Mo, 0.18; Zr, 0.05. 

The reason for selecting the NAX steel was because oj 
the known pronounced effect of silicon on thermal cop. 
ductivity. The composition of the NE 8620 steel was 
given at the beginning of this report. The cooling rates 
determined from the cooling curves of these steels ar, 
shown superimposed upon the cooling rate curves plotted 
from the mathematical solutions which were made to 
agree at 1300° F. with the experimental results on ship 
steel. These curves were all obtained on 1-in. plate and 
are plotted on the appropriate curves for this thickness 
in Fig. 33. Two curves are shown at each temperature 
because some of the runs were made with */)-in. elec 
trode and others with '/4-in. electrode, and it was found 
that these produced somewhat different cooling rates 

It is to be noted that the experimental points for SAE 
1035, NAX 9115X and NE 8620 agree well with the 

mathematical curves at 1300° F. If the mathematical 
curves at 1000° F. had been shown, all of the experi 
mental points would fall below the curves, since this 
temperature is at the center of the important transforma 
tion range for the first two steels and at the top of the 
transformation range for NE 8620. The experimental 
points for SAE 1035 and NAX 9115X show good agreé 
ment with the mathematical curves at 700° F., sinc 
transformation of these steels does not take place at this 
temperature. On the other hand, the points for NE 
8620 fall below the 700° F. curve since this temperatur 
is at the lower end of the transformation range for this 
steel. When cooling rates are measured within the 
transformation range of a particular steel, they will be 
somewhat lower than indicated on the mathematical 
curves, because of the heat of transformation which 1s 
liberated during this process. This behavior was pr¢ 
viously illustrated in the cooling rates measured on 
ship steel at 1000° F., which is in the center of the 
transformation range for this steel. 

On the basis of work thus far carried out on the steels 
mentioned above, it is believed that changes in thermal 
conductivity between various low-allcy steels are ol 
secondary importance in determining cooling curves. 
Whatever small difference does exist would tend to pro- 
duce lower cooling rates in alloy steels at the same energy 
input. 


Comparison of Cooling Curves Obtained with 
Alternating and with Direct Currents 


Since most of the work of this investigation was done 
with alternating current it was considered desirable to 
determine whether the data here obtained would be appli- 

cable to the case of d.-c. welding. As previously men- 
tioned, the alternating current gave a more convenient 
are because of the absence of appreciable magnetic dis- 
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However, a great portion of commercial work 
is performed with direct current and therefore this com- 


turbance. 


parison seemed desirable. The electrode used for these 
tests was the same E 6020 classification electrode used 
for the a.-c. welding on ship steel. The characteristics 
of this electrode are suitable for either alternating current 
or direct current and in the case of direct current with 
either straight or reversed polarity. For the downward 
deposition type of welding used in this investigation d.-c. 
reversed polarity was selected. The recording wattmeter 
used in these tests was a universal type of instrument 
suitable for use with either direct or alternating current. 
The only change necessary in the circuit was therefore to 
substitute a d.-c. measuring shunt for the current trans- 
former used in the case of a.-c. welding. Figure 34 
ilustrates the results of these tests showing cooling rate 
as a function of energy input. Cooling rates are shown 
for three temperature levels. The continuous curves are 
those determined by the mathematical solutions pre- 
viously made for the case used, namely, l-in. plate and 

,-in. electrodes, the welding being performed at room 
temperature. The a.-c. points are the experimental 
points previously obtained and the d.-c. reversed polarity 
points are experimental points determined for the purpose 
of comparison. It will be noted that although there is 
some scatter in the experimental points which is perhaps 
a little more pronounced in the case of the d.-c. measure- 
ments, there is no general trend of the d.-c. points to de- 
part from the relationship established by means of a.-c. 
measurements. It may thus be concluded that the data 
obtained in this investigation will be suitable for d.-c. 
welding. 


Method of Utilization of Cooling Curve Data 


It has been shown that the cooling curves obtained 
from various low-alloy and plain carbon steels are the 
same. The ship steel upon which the mathematical 
solutions were developed represents a plain carbon steel 
of low carbon content, and SAE 1035 represents a similar 
steel having a carbon content near the top of the range 
for ordinarily welded plain carbon steels. The NAX 
steel used in this investigation contained about 0.8°% 
silicon, which is known to change the thermal conduc- 
tivity of steel. The NE 8620 steel is representative of 
the class of chromium and molybdenum steels whose 
pearlitic transformation is retarded so that only a bainite 
type of structure is possible. Cooling times measured on 
Jominy bars have also shown a wide variety of alloy 
steels to have similar cooling curves.* From this it can be 
further concluded that the normal variations in thermal 
conductivity and specific heat for plain carbon and low- 
alloy steels only change the thermal diffusivity by such 
small amounts as to constitute a second order effect. 
rherefore the only remaining factors which determine 
cooling rate and which must be considered in welding 
problems are the weld energy input per inch, the plate 
thickness, the plate temperature and the plate geometry. 
_ Examination of an S-curve or isothermal transforma- 
tion diagram for any steel indicates that there is a tem- 
perature range within which transformation will take place 
ost rapidly, and outside of which transformation is not 
likely to occur unless much longer times are available. 
(hese temperature regions, in which transformation only 
occurs after a relatively great length of time, may be 
neglected in our consideration of the transformation of 
the steel adjacent to an arc weld. This is one of the im- 
portant relationships upon which the use of cooling curve 
data must be based. The important transformation re- 
gion from the standpoint of welding will be the tempera- 
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nating-Current and with Direct-Current Welding 


ture range at the nose of the S-curve, and ordinarily 
including temperatures from about 100° F. above the 
nose to 100° F. below the nose. The logarithmic time 
scale of the S-curve indicates that outside of this range 
the time required for transformation usually increases 
beyond a value which can be of any use in a welding 
operation. For some steels this important transforma- 
tion range may be somewhat greater or less than 200° F. 
but the cooling curves are such that if a 200° range is 
selected, and the proper time to insure complete trans- 
formation is allowed within this range, there will be suffi- 
cient time available even if the range is slightly wider or 
narrower than the one selected. In order to use cooling 
curve data it is therefore desirable to be able to examine 
an S-curve for the type of steel under consideration, in 
order to select the temperature range which is important 
for transformation. Inspection of S-curves need not be 
done by the user of cooling curve data, since this mmspec- 
tion can be performed on a large variety of available S- 
curves and the important transformation ranges tabu- 
lated as shown in the Appendix to this report 

If no S-curve is available for the type of steel being 
considered, and the particular steel is not included in 
the table of important transformation ranges, it is possible 
to experimentally locate the nose of the S-curve by the 
following procedure: 

Procedure for Determining Important Transformation 
Range.—Choose three or four possible temperature levels 
and quench a series of thin specimens ('/, in. X plate 
thickness X 3 in.) to these temperatures and hold for 
various lengths of time, such as 1, 2, 5, 10, 20, 50 and 
100 sec., followed by water quenching. Measure the 
hardness of these specimens and plot hardness as a func- 
tion of holding time on a logarithmic time scale. The 
holding temperature for which the hardness curve falls 
off and levels out most rapidly will indicate the umportant 
transformation temperature. If three or four tempera- 
ture levels about 100° F. apart have been selected, ex- 
amination of the time relation between these curves will 
indicate the proper temperature range of transformation. 

After selecting the temperature which is 1m- 
portant for transformation, it is necessary to determie 
how much time is necessary to complete all, or a selected 
amount, of transformation within this range. Although 
the S-curve itself might be considered sufficient for deter- 
mining the time during which the steel should remain 
in the important transformation temperature range, it 
may not be sufficiently reliable, for reasons already dis- 
cussed in this report. The use of a Jominy end quench 
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test was therefore suggested as a logical and simple 
method of determining the time required in the important 
temperature range. The use of the Jominy test is based 
upon the fact that the metallurgical structure has 
been correlated with the shape of the hardness curve.! 
The upper level of the Jominy curve corresponds to a 
100% martensitic structure. The point of steepest 
slope corresponds to a 50% martensitic structure. The 
point at which the curve starts to level out corresponds 
to an approximately 90% completely transformed struc- 
ture, usually of pearlite and ferrite. With these facts in 
mind it is possible to select a distance on the Jominy bar 
corresponding to the desired metallurgical structure. 
Jominy and others': * have shown that a relationship 
of great importance to the use of cooling curve data, 
exists for points along the Jominy bar. This relation- 
ship is that the cooling time in seconds through any given 
temperature range is a linear function of distance along 
the Jominy bar. Curves showing this relationship for 
the temperature range between 1100° and 900° F. are 
shown in the papers referred to above. This is the im- 
portant temperature range for the transformation of 
plain carbon, carbon-manganese and nickel steels. Hav- 
ing selected from the Jominy test the distance corre- 
sponding to the desired metallurgical structure, it is 
possible to make use of the relation between cooling 
time and distance, just mentioned, to determine the time 
required in the important transformation range. Since 
the important temperature range for steels other than 
those mentioned above may be different from that for 
which published information is available, this investiga- 
tion undertook to determine cooling-time curves as a 
function of distance on the Jominy bar for other tempera- 
ture ranges. Curves showing the relationships obtained 
are presented in Fig. 35. The data for these curves were 
obtained on a standard Jominy bar, | in. in diameter 
and 3 in. long, using SAE 1035 steel. The bar was heated 
for 1 hr. at 1700° F. before each quench. Quenching 
from this temperature enabled this investigation to 
check data already published for the 1100 to 900° F. 
range. This investigation checked that of Thomson and 
Siebert, who carried their data out to 1'/. in. The 
data also check Jominy and Boegehold? out to a distance 
of 1'/, in. but do not agree with the point shown by these 
latter investigators at a distance of 2'/,in. All the curves 
obtained in this laboratory show deviations from the 
straight line relationship for distances beyond 1.5 in. in 
the case of the 1100 to 900° F. range, and for lesser dis- 
tances down to | in. in the case of the 700 to 500° F. 
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range. The deviations from the straight line reja4;,, 
ship at points beyond the distances mentioned above »», 
caused by air cooling, and by conduction of heat throy,.) 
the shank to the supporting jig. These cooling effe.. 
are more noticeable for the cooling times through 4), 
lower temperature ranges, since the parasitic coolin 
effects have had more time in which to operate. Ro, 
tunately for the use of the Jominy bar in determip; 
the length of time necessary in the different importay; 
temperature ranges, the structures which it is possible « 
produce by any practicable welding conditions yy 
correspond to distances less than those outside the rang, 
of linearity. Because of the pronounced effect of gra; 
size upon the time required for the subcritical transjoy 
mation of austenite, and because of the fact that th 
grain size in the zone adjacent to an are weld will }y 
larger than that produced by the standard heating tem 
perature of 1700° F. for the Jominy test, it will be nec 
sary to heat the Jominy bar to a sufficient temperatur 
to insure an austenitic grain size such as may be found 
in the zone adjacent to the weld. This investigation has 
found the grain size to vary from 1 to 3 in ship steel, «i 
pending upon energy input, being coarser for the higher 
weld energy inputs. This finding is in agreement wit! 
the work done at Lehigh University. It has been found 
at Lehigh University that a Jominy bar heated to 2100 | 
will coarsen to the average grain size 2. In order t 
make use of the time-distance or cooling rate data al 
ready available in the literature, for the Jominy bar, it is 
necessary to cool in the furnace to 1700° F., befor 
quenching. If the Jominy bar had been cooled fron 
2100° F., the times within the various temperatur 
ranges would be different. If it becomes apparent that 
the proper coarsening temperature should always ly 
2100° F., it would be possible to determine new curves 
for the time within the various temperature ranges as a 
function of distance on the Jominy bar, quenched from 
2100° F. 

The temperature measurements on the Jominy bar 
were made by the same thermocouple technique as was 
used for determining the cooling curves in the heat-ai 
fected zone of welds. The technique and recording ap 
paratus have been described earlier in this report. Th 
thermocouple holes on the Jominy bar were drilled |, in 
deep, to avoid any surface cooling effect. 

As soon as the important temperature range and time 
required within this range to secure a desired metallur- 
gical structure have been obtained, it then becomes pos- 
sible to calculate the average cooling rate over this range 
and to go immediately to the tables presented in this 
report to determine the welding conditions which will 
insure the required length of time in the important tem- 
perature range. This operation has been carried out 10 
this investigation for NE 8620 steel 1 in. in thickness 
and will be used as an example of the procedure out- 
lined below. 

In order to make more clear the application oi the 
principles described above, the detailed steps in accom 
plishing the application of these principles to the welding 
of a particular steel are outlined below. 

1. Make a Jominy test on the steel in question by 
heating first, at the necessary temperature for a sufficient 
time to reproduce the heat zone grain size determined 
above. Then cool in furnace to 1700° F. before quench 
ing. Cooling to this temperature before quenching will 
result in standard cooling rates at specified distances 
along the bar. 

2. Examine S-curve or go to table in Appendix ol 
this report, for important temperature range for trans- 
formation. By experience this step may be eliminated 
for many steels such as the following: (a) plain carbon 
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») manganese steels; (c) nickel steels. 
eels the important region for transformation is 1100 to 
By determining the time which the steel should 
remain in this region it is possible to select at the mean 
temperature of 1000° F., the cooling rate which will 


steels; 


provide the necessary time. For chromium and molyb- 
denum steels, reference should be made to the S-curve 
ior the particular composition range in question. In the 
-ase of molybdenum steels the pearlitic transformation is 
suppressed, and in a welding operation it becomes feasible 
only to secure the bainitic type of structure. The reason 
for this is evident from the S-curve and such a steel was 
investigated in a previous report prepared by this labora- 
tors If no S-curve is available, a procedure for deter- 
mining the important transformation range has been out- 
lined above. 

3. From the Jominy curve, select a distance corre- 
sponding to the desired type of metallurgical structure. 
Next go to the proper curve giving the time to cool 
through the important temperature range as a function 
of distance on the Jominy bar. The distance determined 
as suggested in the first part of this paragraph will then 
indicate the proper time that the steel should remain at 
this temperature level. 

it. Calculate the average cooling rate corresponding 

to the time just obtained. 
5. With the above cooling rate and the mean tem- 
perature of the important temperature range, go to 
tables giving welding conditions required to produce the 
desired cooling rate at the important temperature. The 
possibility of welding at room temperature and the 
amount of preheat required for various plate thicknesses 
may then be determined. 

Example: Procedure in Selecting Welding Conditions 
for Steel NE 8620.—An example of the application of the 
procedure just outlined to the welding of NE 8620 will 
illustrate the method. In the absence of an S-curve for 
NE 8620 some data were available in the laboratory for 
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the steel N E 8630, which was obtained by the method de- 
scribed for determining the important transformation 
range in case no S-curve is available. The difference in 
carbon content between NE 8620 and NE 8630 would not 
alter the important transformation temperature. Ex- 
amination of these data therefore disclosed that the im- 
portant transformation range was between 900° and 
700° F. AnS-curve was made available later through the 
courtesy of Dr. E. S. Davenport of the U. S. Steel Cor 
poration Research Laboratory for the steel NE 8744, 
the S-curve of which is here shown as Fig. 36. It will be 
observed that the composition of this steel is very close 
to that shown at the beginning ef this report for NE 
8620, the only exception being the carbon content, which 
does not alter the temperature scale, but only the time 
scale of the S-curve. This S-curve checks the findings of 
the special procedure for determining the transformation 
range by indicating that the pearlitic transformation at 
1200° F. is not feasible and that the important transfor- 
mation range is between 900° and 700° F., resulting in 
the bainitic type of structure. 

After selecting the important transformation tempera- 
ture range, the next step is to go to a Jominy curve for 
this steel prepared by heating to 2100° F. and cooling 
to 1700° F. in the furnace before quenching. Such a 
curve for the identical steel used in these experiments is 
shown in Fig. 37. From this curve it is possible to select 
distances corresponding to the desired metallurgical 
structure. The assumption will be made that it is de 
sired to make welds having two different types of struc- 
ture, first, the all bainitic structure with complete avoid- 
ance of martensite, and second, the structure including 
50° martensite. Distances corresponding to these 
structures will be 0.45 and 0.30 in., respectively. Refer- 
ence to Fig. 35 indicates that the times required in the 
transformation range between 900° and 700° F. to pro- 
duce this structure are 17 and 10 sec., respectively. 

Steps 1, 2 and 3 have now been completed. Step 4 in- 
volves simply dividing the temperature range by the 
time required within this range to obtain the average 
cooling rate. This involves dividing 200 by 17 and 10, 
respectively, giving 11.8° and 20° F. per second. 

Step 5 involves entering the tables giving the joules 
per inch required to reproduce the above cooling rates 
in l-in. plate at SOO° F. Before entering these tables it 
might be assumed further that it is desired to obtain each 
of the above types of structure by welding at room tem- 
perature and at 400° F. This means that four different 
sets of welding conditions will be selected. Entering the 
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tables with these conditions in mind it is found that the 
weld energy inputs would be as follows: 


Condi- Structure, Plate 
it tion % Mar- Temp., Cooling Rate, Energy Input, 
No. tensite wi ° F./Sec. Joules/In. 
l 0 75 11.8 106,500 
2 50 75 20 77,500 
3 0 400 11.8 54,000 
4 50 100 20 33,600 


Assuming are travel speeds and arc voltage, it is pos- 
sible to calculate the required are current in amperes 
from the formula 


(joules/in.) X (travel speed in in./min.) 
Arc amperes = ——————_. 
60 X are volts 


Assuming an are voltage of 32.5 and travel speeds as in- 
dicated in the table below, the following currents were 
calculated and are included in the table. 


Travel Are 


Condi- Speed, Current, Electrode Are Power, 
tion No. In./Min. Amp. Size, In. Watts 

1 7.1 386 1/, 12,370 

2 8.6 342 1/, 11,100 

3 11.7 324 1/, 10,530 

4 201 6,550 


One-inch plates were set up and welded in accordance 
with the above conditions, two plates being welded at 
each of the first three conditions and one plate at the 
fourth condition. Only one plate was welded at this con- 
dition because it was considered impractical to make a 
weld in 1-in. plate having such a low are power level as 
to require approximately 20 passes for its completion. 


Energy 


Travel Arc 

Condi- Speed, Current, Arc Power, Input, 

tion No. In. /Min. Amp. Watts Joules/In. 
la 7.28 384 12,400 100,200 
lb 356 11,590 96,300 
2a 8.67 342 10,900 74,600 
26 8.83 340 11,050 75,000 
3a 11.95 324 10,200 51,200 
3b 11.87 324 10,530 53,300 
4 12 30,400 


3 191 6,250 


Owing to the fact that the transformation was taking 
place in the region of 800° F. the actual times available 
within this temperature range were longer than pre- 
dicted from the mathematical curves obtained without 
the influence of heat of transformation. However, as 
will be discussed below, longer times and lower cooling 
rates are to be expected in this range and the method of 


Cooling Time Maximun 


from 900 to 700° Cooling Rate at Hardness 

Condi- F., Sec. 800° F.-° F./Sec. VPN 
tion Calcu- Calcu- Cale, 
No. Actual lated Actual lated Actual fated 
la 28.5 17 6.9 11.8 283 IRV) 
1b 27 7.4 11.8 279 
2a 14.4 10 14.2 20 266 ee 
2b 12.4 10 15.6 20 319 Q 
3a 60.4 17 3.6 11.8 322 IRV) 
3b 39.7 17 5.3 11.8 289 9 
4 11.6 10 18.5 20 317 g 


formation was observed. Even in cases 2 and 4, it is 
evident from the hardnesses produced that more thay 
50% elevated temperature transformation occurred. 
These welding conditions were selected to correspond 
with the steepest part of the change in structure and hard. 
ness relationship. It is therefore to be expected that 
considerable difficulty would be experienced in dupli- 
cating hardnesses and structures in the steep portion of 
the Jominy curve. Both of the plates welded under con 
dition 1 show remarkable agreement in the structure 
produced with that predicted, as indicated by the hard- 
nesses produced. The plate welded under condition 3) 
is similar in this respect. In the case of condition 3a, an 
unusual circumstance occurred in that the plate preheat 
temperature, instead of being approximately 400° F 
was found later to be approximately 450° F. and ih 
preheat flames were left on during the entire welding 
operation which accounts for the very slow cooling time 
experienced. The hardnesses obtained in this case are 
difficult to explain. 


Prediction of Welding Conditions by Rensselaer 
Polytechnic Institute Method Compared with 
Lehigh University Method 


From the Jominy hardenability curve for the steel 
used at the Rensselaer Polytechnic Institute, the Vickers 
hardness for 50% martensite was selected ‘as 368 and 
for the completely transformed structure, the Vickers 
hardness selected was 280. These values occur at 0.30) 
and 0.45 in. from the quenched end of the Jominy bar. 

Three conditions were selected for comparison. ‘These 
may be designated as follows: 


Li—Since Lehigh and R.P.I. Jominy curves for NE 
8620 were similar, Lehigh’s hardness vs. joules 
per inch curves could be used. 

L2—Lehigh’s volt-ampere factor charts could also be 
used. 

R3—The Jominy cooling time relation as suggested in 
this investigation was used. 


The results of these predictions were as follows: 


selection of conditions on the Jominy bar is such as to 4 
compensate for the delayed cooling in the transformation Ll 50% ciiaalon. 74,000 46,000 
range. The actual times and cooling rates secured are V PN. 368 
indicated in the following table, as well as the predicted L2 50% martensite, 68,000 38,000 
and actual maximum hardnesses. 368 
It is of interest to note in conditions 1 and 3 where ? ite, 4,900 33,60 
100% elevated temperature transformation was desired, Ll 90% transformation, 128,000 110,000 
that greater differences between the actual and calculated V_PN. 280 
cooling times and cooling rates were found than in con- u2 Se ation, 104,500 76,000 

52 and 4. e latter cases less elevated tempera- WN. 
ditions 2 und In th I R3 90% transformation, 106,500 34,000 
ture transformation was desired and less disturbance in VPN. 280 
the cooling time as a result of the release of heat of trans- ‘ . 

402-s WELDING RESEARCH SUPPLEMENT SEPTEMBER 


The 
reac! 
been 
50% 
high 
The 
predic 
translé 
low, bt 
Lehigl 
of pret 
and L 
Lehigl 
This 1 
V.P.N 
in the 
with | 
Lehig 
The 
tudin: 


Con 


() 
2 al 
stru 
in 
forn 
test 
The 
giv 
ner 
bee 
obt 
ten 
ten 
du 
we 
m« 
by 
mi 
th 
tic 


4 
= 
—— 
2 
a 
1! 
h 
t 
; 1 
j 1 
1 


» It is 
th in 
urred. 
spond 
hard- 
that 
lupli- 
On of 
Con 
Cture 
hard- 
3h 
i, an 
‘heat 
F 
che 
ding 
time 
are 


be 


in 


rhe resulting hardnesses reached by the predictions 
reached at the Rensselaer Polytechnic Institute have 


heer. shown previously. The R.P.I. predictions for the 
500, martensite structure appear to be very slightly 
high from the above-mentioned hardness indications. 
fhe same indications point to the possibility that the 
prediction of 54,000 joules per inch to produce 90% 
transformation when welding at 400° F., may be slightly 
low, but certainly not as much as might be suggested by the 
Lehigh predictions. It is apparent from this comparison 
of predictions that at a temperature of 72° F. the R.P.I. 
and Lehigh predictions agree very closely, except when 
Lehigh’s hardness vs. joules per inch curves are used. 
This is particularly noticed under condition 1 when a 
V.P.N. of 280 was desired. Less agreement is noticed 
in the case of the welds made with a 400° F. preheat, 
with the agreement being even less when the original 
Lehigh experimental curves are used. 

The ranges in ductility measured by means of a longi- 
tudinal test specimen taken from the plates welded ac- 
cording to prediction are shown in the following table. 


Ultimate Yield Elongation in 
Condition Strength, Psi Strength, Psi. 2In., % 
la 82,700 61,600 21.1 
1h 84,600 63,500 21.8 
2a 85,100 65,400 17.9 
2b 87,000 66,700 23.4 
3a 82,800 53,300 28.9 
3h 76,600 ee 14.1 
4 85,800 69,900 31.2 


Owing to the fact that the predictions for conditions 
2 and 4 which should have included 50°) martensitic 
structure, were somewhat high, only a slight reduction 
in ductility should be expected from the fully trans- 
formed structures of conditions 1 and 3. The plate 
tested from condition 4 shows unusually high ductility. 
The ductility obtained in this condition should not be 


‘given too much consideration because the preheat bur- 


ners were accidentally left on for 4'/. hr. after the weld had 
been completed. However, this condition should have 
obtained some benefit also from the fact that the mar- 
tensitic structure was tempered by the 400° preheat 
temperature. The condition 3a compared with 3) was 
due to the fact that specimen 3) had a large amount of 
weld metal containing fisheyes which reduced its duc- 
tility. The value for specimen 3a should be considered 
more representative, although it may be a little too high 
by virtue of the higher preheat temperature previously 
mentioned. Although these elongations represent trends, 
the results have been complicated by accidental condi- 
tions and by the production of fisheyes in weld metal. 


The Tempering Effect on Martensitic Structures 
Resulting from the Welding of Preheated Plate 


When structures are produced in the manner outlined 
above and a certain proportion of martensite is included 
in the structure, the very slow cooling in the neighbor- 
hood of 400° F. which is caused by preheating the plate 
to the vicinity of this temperature, should result in an 
improved ductility in the martensite included in welded 
plates which have been preheated before welding. From 
the measured cooling curves it was possible to determine 
the approximate time during which preheated plates 
remain in the temperature range between 450° and 350 
F. as compared with the time during which a plate 
welded at a temperature of 37° F. remains in this tem- 
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perature range. A few typical values are indicated in 
the following table. 


Plate Time to Cool 
Plate Thick- Tempera Weld Energy In- from 450 to 
ness, In. ture, © F put, Joules/In. 350° F., Sec 
37 37,400 50 
l 37 $2, 400 15 
37 £9,000 16 
100 65,000 340 
1 100 30,400 $12 
100 53,300 158 


This information indicates that within the possible 
tempering range from 450 to 350° F. that appreciably 
longer times are available for tempering within this 
range. In order to determine the effect of such temper- 
ing upon ductility, a series of specimens, '/s x '/2 x 
6 in. were held 1 hr. at 1650° F. followed by quenching 
and holding at 400° F. for various lengths of time. Of 
15 specimens quenched, 7 were selected as falling into 
two groups having nearly the same hardnesses. The first 
group has a hardness corresponding to almost complete 
martensite. The second group of three has slightly more 
of the mixed structure produced by not quite missing 
the elevated temperature transformation at the nose of 
the S-curve. The results of this study are indicated in 
the following table. 


Time in 400 Ultimate % Elonga Rockwell 
F. Bath Strength, Psi. tion Cc 
5 177,000 1.0 50.0 
10 225,000 1.4 50.8 
70 268,000 1.9 
500 254,000 48 51.0 
5 155,000 1.0 is 
10 224 O00 1.4 iS_0 
300 252,000 1.5 17.5 


From these specimens it is evident that when several 
hundred seconds are allowed to elapse at 400° F., which 
corresponds to the use of a 400° F. preheat in welding, 
a definite improvement in ductility results. From these 
results it can be concluded that more martensite can be 
tolerated in a weld structure if the welding conditions 
are such as to require preheat. 


Compensation by Procedure for Heat of Transformation 


In the method suggested in this report for determining 


_the proper energy input to be used with a particular 


steel it was necessary to select the energy to give the 
proper cooling rate in the most important transformation 
range. Under these conditions the actual cooling rate 
will be less than that predicted in selecting the energy 
values from the mathematical curves, owing to the fact 
that transformation will be taking place in the important 
temperature region for the steel which is being welded, 
whereas the mathematical curves were purposely cd 
veloped to avoid the effect of reduced cooling rate pro- 
duced by heat of transformation. If the proper cooling 
rate has been selected from the experimental time- 
temperature relations on the Jominy bar, the effect of 
heat of transformation will tend to cancel out and the 
proper cooling rate will be obtained by the method, al- 
though it will be somewhat lower than predicted from the 
curves obtained without reference to transformation. 
The way by which the procedure compensates for the 
effect of heat of transformation may be explained by 
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considering the behavior on the Jominy bar and that in 
the heat-affected zone of the weld. The cooling rate at 
a particular point on the Jominy bar through the tem- 
perature range of transformation will be less than pre- 
dicted by the time-temperature relations. This results 
in the use of an energy input which would give a cooling 
rate higher than actually experienced at the particular 
point selected on the Jominy bar. However, the cooling 
rate in the heat-affected zone of the weld, resulting from 
this energy input will also be less than that given by the 
experimental curves, since the cooling of the weld metal 
will also be retarded by transformation. Hence the 
proper cooling rate is attained by the method of pro- 
cedure, although it will actually be a lower cooling rate 
than that predicted from the curves which were deter- 
mined without reference to transformation. 

A similar type of explanation may also be used to de- 
scribe the behavior of alloy steels whose thermal con- 
ductivity is somewhat less than that of plain low carbon 
steel, for which the cooling rate-energy input curves were 
obtained in this investigation. Although the low-alloy 
steels studied in this investigation do not appear to give 
cooling rates much less than those obtained with plain 
low carbon steel, more careful determinations with due 
consideration to different temperature levels of transfor- 
mation may show that low-alloy steels cool somewhat 
more slowly than plain low carbon steel. Even if this is 
found to be true and there is a slight indication of such 
in the experimental work already done in connection 
with this investigation, the cooling rate-energy input re- 
lations developed during the course of this investigation 
will still be useful in predicting the proper energy input 
to obtain the desired weld structure. The explanation 
for this behavior is similar to that just given for the effect 
of heat of transformation. However, since this explana- 
tion is somewhat difficult to follow it may be desirable 
to repeat it again at this point, applying the reasoning 
directly to the difference between an alloy steel of slightly 
lower thermal conductivity and a plain carbon steel. 

The cooling rate at a particular point on the Jominy 
bar of an alloy steel may be slightly less than the cooling 
rate at the same point on the Jominy bar of a plain low 
carbon steel for which the time-distance curves were de- 
termined. This results in the selection of an energy input 
for welding which would give a cooling rate in plain low 
carbon steel higher than actually experienced at the par- 
ticular point selected on the Jominy bar. This higher 
cooling rate would be predicted by the curves and would 
be in the mind of the man actually using these curves. 
However, the cooling rate in the weld, resulting from the 
energy input selected would also be less than that given 
by the experimental curves, owing to the same effect of 
reduced thermal conductivity in the alloy steel. Hence 
the proper cooling rate is still attained by the technique, 
although it is actually somewhat lower than predicted. 


Correlative Results 


Weld Bead Hardness Measurements 


It is interesting to note that some advocates of the 
weld bead hardness method of studying weldability have 
recommended making hardness surveys vertically 
through the center of the bead and then laterally at the 
base of the bead at the point of maximum hardness on 
the vertical survey. In this way the maximum hard- 
nesses resulting from the most severe cooling rates are not 
obtained. However, if the cooling rates at the side and 
beneath the bead both miss the nose of the S-curve or are 
both slow enough to insure complete transformation at 
the nose, the hardnesses at these two locations would be 
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nearly the same, which might lead an investigator ¢, 


conclusion that hardnesses are always the sam, ‘ce 
side of and beneath the bead. A study of this relatio,. 
ship in heavier than '/:-in. plate, such as pj ate 
would lead to the same conclusion, and for this thicknes, 
the conclusion would be correct. This is due to the fac: 
that the cooling rates at the side of and beneath thy 
bead are nearly the same in 1'/»-in. plate, since in this 
case the plate cools through the important range, essey. 


tially as though it were of infinite thickness. In the , Ase 
of '/-in. plate in the range of cooling rates giving rise 
split transformations, in which transformation of ays. 
tenite is only partially completed at elevated temper,. 
tures with the remainder transformed to martensite it 
lower temperatures, there is a definite possibility of hay. 
ing appreciably higher hardnesses at the side of the weld 
than beneath the bead. This discussion is by way of cay. 
tion with regard to measuring maximum hardunesses jy 
the bead hardness test, beneath the bead when using 
'/,-in. plate. 


0 


Maximum Hardness vs. Cooling Rate 


The maximum hardnesses for a large number of welds 
in A.S.T.M. A131-39, ship steel have been plotted as a 
function of cooling rate at 1000° F., in Fig. 38. It is of 
interest to note that the measured hardness values ob- 
tained from welds in '/2-, 1- and 1'/,-in. plate all fall on 
the same curve. This is to be expected, since the struc- 
ture and hardness are determined by the cooling rate 
through the important transformation range, which is 
1100 to 900° F. for this steel. The hardnesses are in- 
cluded also for all four plate temperatures. The temper- 
ing effect produced by the preheated plates are not evi- 
dent because it is practically impossible to produce an 
appreciable amount of hardness in this steel when welded 
within the limits of practical welding conditions. 


Summary and Conclusions 


1. It has been found possible to measure actual cool 
ing rates in the heat-affected zone adjacent to arc welds 
close to the fusion line, and to correlate these with actual! 
welding conditions so that they may be reproduced. 

2. Mathematical solutions for cooling rates have been 
modified by experimental measurements to make pos 
sible a wide extension of the data. This permits the du 
plication of any desired cooling rate at specified tempera 
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wre levels within reasonable limits of welding condi- 
sions and plate temperatures. 

“9 A method of applying cooling curve data to the 
oroblem of predicting welding conditions for different 
steels has been found, based on fundamental metallur- 
sical pr inciples and simple tests. The methods here sug- 
ested will be of particular interest to those who appreci- 
ate an understanding of the problem based on its funda- 
mental factors. 

4 It has been found that cooling rates determined on 
ship steel, A.S.T.M. A131-39, will be reproduced in SAE 
1035, NAX 9115 and NE 8620. From this it may be 
concluded that such differences in thermal properties as 
do exist between these steels have a minor effect on the 
cooling curves produced by the same energy input. 

5. Are travel speed, arc voltage and arc current in 
amperes, may be conveniently grouped into a single fac- 
tor, energy input per unit length of weld in joules per 
inch, as a factor determining cooling rate. 

6. The only factors, therefore, which need be con- 

sidered as affecting weld cooling rates in a wide variety 
of plain carbon and low-alloy steels are energy input in 
joules per inch, plate thickness, plate temperature and 
joint geometry. 
7. The electrode size used with a given energy input 
has an effect on cooling rates, the larger electrode produc- 
ing lower cooling rates. This appears to be due to dif- 
ferences in amount of metal deposited. 

8. Cooling rate data have been obtained for points in 
the heat-affected zone immediately adjacent to the last 
pass of butt welds in */4-, */s-, */-, °/s-, and 
|'/,-in. plates. 


/8 875 1- 
For all of the above plate thicknesses 
data have been obtained for plate temperatures between 
37° and 400° F. and are tabulated for nine temperatures 
within this range. The cooling rate data are tabulated 
for seven different temperature levels between 700° and 
1300° F. at 100° intervals. Owing to the wide differences 
in cooling curves for plate thicknesses less than 1 in., 
because of the transition from thin plate to thick plate 
behavior, a large number of plate thicknesses have been 
included in this range. The data for 1- and 1'/.-in. 
plate are sufficiently close to permit interpolation for 
intermediate thicknesses. The fact that both of these 
plates are behaving practically as plates of infinite thick- 
ness indicates that for plate thicknesses greater than 
|'/o in., the data for this thickness may be used. 

%. On the basis of experience obtained during the 
early part of this investigation, it has been found possible 
to obtain complete data for a new plate thickness by 
making experimental measurements at only two plate 
temperatures. The data for any other plate temperature 
may then be obtained by mathematical extension from 
the data obtained at two temperatures. 

10. The cooling rate data obtained in this investiga- 
tion have been found to be equally applicable to a.-c. 
or to d.-c. welding. 

ll. First pass cooling rates in butt welds have been 
found to be considerably lower than top pass cooling 
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rates. This points to the need for further study of the 
first pass cracking problem. 

12. A study of the tempering effects at low tempera- 
tures was made using thin specimens, quenched into a 
salt bath at 400° F., and held for varying lengths of 
tame. Tensile tests of these specimens were made to 
compare the ductility of martensite obtained when weld- 
ing a plate preheated to 400° F. with that obtained when 
welding at 37° F. A significant improvement in ductility 
of almost completely martensitic specimens held at 400 
F. for periods of the same order as for preheated welds, 
was observed. The tempering effect is only important 
when a significant amount of martensite has been pro- 
duced by the welding conditions. 

13. The mathematical equations were developed for 
the special cases in hardenable steels, where it is de- 
sired to temper by means of succeeding passes following 
each other at sufficiently close intervals to avoid marten- 
sitic cracking. The times available between passes have 
been presented in tabular form. 

14. In '/,-in. plate much higher cooling rates are 
found near the surface of the plate at the edge of the 
weld, than are found beneath the weld, particularly for 
low energy inputs. 
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Appendix 


Temperature Ranges Important for Transformation 
of Various Steels 


lransformation 


A.LS.I. S.A.E. No Temp. Range, ° F 
1000 series 1100-900 
1300 series 1000-800 
2300 series 1000-800 
3100 series 1000-800 
$000 series 1000-800 

NE 8422 
$100 series 900-700 

NE 8600 series Q00-700 

NE 8700 series 00-700 
4300 series 800-600 
4600 series LO00-800 
4800 series LOOO-800 
5100 series O00-700 
6100 series Q00-700 

NAX 9100 series 1100-900 
Carbon moly 0.50 o00-700 
Carbon-manganese 

below 1.5% Mn 1100-900 
Carbon-nickel 
below 3% Ni 1100-900 
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Energy Input—10* Joules/Inch—Required to Produce Various Cooling Rates at Temperature Levels Indi- 


COOLING RATES AT 13500°F. 


cated with the Plate at Specified Temperatures 


Top Pass Butt Welds—Plate Thickness '/; In., Electrode '/, In. 


COOLING RATES AT 1000°F, 


Cooling Plate Temperature °F. Temperatur oF 
61.8 53.6 4 ‘ 
54.0 51.6 49.4 47.0 44.7 5 
10 «55.0 83.0 51.7 4.5 47.0 44.6 42.2 39.6 37.5 4.8 3 
12 49.0 47.4 46.0 43.7 41.4 39.2 37.0 34.9 32.8 7 45.2 43.0 40.7 37.2 84.2 3 8.3 25.6 . 
14 «44.8 «43.0 41.8 39.86 37.7 35.7 33.7 31.6 29.7 £ 40.4 38.3 36.5 33.5 30.8 28.23 3.6 2) 
1 41.4 40.0 38.7 36.8 34.7 33.0 51.0 29.1 27.2 10 34.0 32.5 31.2 28.9 26.8 4.' 2.6 20.5 a 
38.4 37.0 36.0 34.2 32.4 30.6 28.8 26.9 25.3 12 30.3 29.0 27.9 26.0 24.2 22.4 2.5 18.8 = 
200 «38.5 34.4 «2933.5 31.6 30.2 28.5 26.8 25.2 23.7 15 26.5 25.5 24.5 22.6 21.3 9.6 18.0 16 14.7 
25 30.6 29.7 28.8 27.5 26.1 24.8 23.4 22.0 20.7 20 22.5 21.6 20.7 19.3 18.0 16.5 15 4 
30 27-2 26.4 25.7 24.5 23.4 22.1 21.0 19.6 18.7 25 19.7 19.0 16.2 1 15.7 14.6 13.5 2 
40 23.0 22.2 21.5 20.6 19.7 18.6 18.0 17.0 16.2 50 17.6 17.1 16.3 15.0 4.0 2 
50 20.2 19.7 19.2 16.6. 17.7 17.0 16.2 15.3 14.6 35 16.2 15.5 14.8 13.7 182.6 
60 16.6 18.1 17.6 16.9 16.2 15.5 14.8 14.2 13.5 40 14.9 14.2 13.5 12.4 
70 +#+417.2 16.9 16.4 15.7 15.2 14.5 14.0 13.3 12.5 COOLING RATES aT 900°F. 
go 16.3 16.0 15.6 15.0 14.8 13.8 18.1 12.5 12.0 — 
90 15.9 15.3 14.9 14.3 13.6 
100 15.3 14.7 14.3 13.7 13.0 2 0 
5 33 
4 48:2 43.8 3 5 26.1 
COOLING RATES AT 1200°F. 
Gooling 5 48.2 45.7 43.7 40.0 36.4 32 22 
oF /sec. 2300350 40.3 36.5 36. 34.0 31.2 2. 
5 52.0 48.2 ? 56.4 34.4 33.0 30.56 28.0 
56.6 52.8 49.0 45.4 41.6 53.2 51.5 350.5 28.0 25.8 3.6 1.8 16.8 
8 56.7 54.0 51.9 48.5 45.4 42.4 39.7 37.2 34.8 10 26.6 27.2 26.1 24.2 22.3 20.3 6.5 14, 
10 47.4 45.0 43.5 41.0 38.6 36.2 34.0 32.0 30.0 12 25.5 24.4 25.4 21.5 19.7 "18 O 16.2 14.4 5 
12 41.3 39.9 38.6 36.6 534.7 32.7 30.7 28.7 26.9 15 22.4 21.5 20.5 19.1 17.7 16.0 14 13.1 s 
14 37.5 36.2 35.2 33.3 31.4 29.6 27.7 26.0 24.4 20 18.9 18.0 17.2 16.0 14.7 13.5 12.3 
16 684.9 33.5 32.6 30.6 29.1 27.4 25.6 24.0 22.4 25 16.4 15.6 14.9 15.8 12.6 11.6 
168 «632.5 32.3 30.6 28.8 27.1 25.5 23.9 22.3 20.5 50 14.2 15.5 13.1 12.3 11.2 
20 30.6 29.5 28.6 27.0 25.4 23.8 22.2 20.6 19.1 COOLING RATES AT B0O°F. S| —— 
25 26.8 25.9 26.0 28.6 22.2 20.7 19.4 16.0 16.7 
SO 24.0 23.4 22.3 21.0 19.6 18.6 17.4 16.1 15.0 400. 4 
40 20.1 19.4 18.9 17.9 16.8 15.6 14.8 13.8 12.7 . 
50 17.6 17.0 16.5 15.5 14.5 15.4 12.5 
60 15.9 15.3 14.8 13.9 13.0 6.7 65.0 4.6 37.0 35.5 4 2 7 17 
é 23.8 31.7 30 7.5 : é 15.9 
Cooling Fe 8 27.8 26.2 24.9 22.7 20. 1 1 13.6 11.7 
Rates Plate Temperature - °F. 10 24.1 2 1 19 1 
4 48.5 42.5 
1s 18.5 17.6 16.6 1 13.7 ; 
6 49.5 45.0 40.8 37.0 33.1 
7 54.4 51.6 49.7 46.2 43.0 39.5 36.3 33.3 30.1 COOLING RATES AT 700°F. 
B (49.3 46.5 44.7 41.5 38.5 35.7 33.0 30.2 28.0  “goline 
10 41.9 39.6 38.0 35.3 32.9 30.3 28.0 26.0 24.0 57 22 A00___150 200 S00 400. 
12 36.7 34.9 33.7 31.3 29.8 27.0 24.6 23.0 21.2 2 24.6 17,1 
14 33.2 31.8 30.7 26.7 26.7 24.8 23.0 21.0 19.2 5 35.2 29.6 24.6 19.4 14,2 
16 30.4 29.3 28.2 26.4 24.8 23.0 21.2 19.5 17.8 4 57-2 54,8 52.8 29.4 25.8 22.5 19.1 15.7 12.2 
18 28.3 27.2 26.2 24.6 23.0 21.5 19.9 18.5 16.8 5 50.6 29,0 27.3 24,5 21.6 18,8 15,9 15.2 10.5 
20 26.5 25.4 24.5 23.0 21.5 20.1 18.7 17.3 15.6 6 27.1 25.5 24.0 21.5 16.8 16,2 15,5 11.0 
: 25 22.6 21.9 21.0 19.8 16.6 17.3 16.0 14.9 13.7 8 22.1 20.8 19,5 17,5 15,4 15.35 11.5 
020.2 «19.6 16.8 17.7 16.6 15.3 14.2 13.1 12.0 10«19.1 «18.0 16.9 15,0 15.2 11.4 
40 17.2 16.6 16.0 15.0 13.8 12.8 12 16,9 15.9 14.6 13,2 11.7 
15.3 14.5 14.0 153.2 15 14.6 135.7 12.8 11.3 
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Energy{Input—10* Joules /Inch—Required to Produce Various Cooling Rates at Temperature Levels [nqj. 
cated with the Plate at Specified Temperatures 


Top Pass Butt Welds—Plate Thickness */; In., Electrode 3/ 


/ 16 In. 
COOLING RATFS AT 13500°F, 


COOLING RATES AT 1000°F. 

Rates at - °F Rates Plate Temperature - °F. 

6 107.7 102.2 97.2 92.0 87.0 < 


101.5 93.7 85.9 77.5 
8 105.0 100.0 97:3 92.6 @8.0 83.2 78.7 74.3 69.7 4 33.9 77.2 70.8 


67.8 5B.2 5 91.8 67.6 64.0 78.1 72.1 


10 90.1 87.5 64.6 8.1 75.9 71.5 67.2 


12 «80.9 77.0 74.8 7.7 66.7 62.6 58.6 50.5 6 60.2 76.4 75.2 68.0 62.6 87.2 $8.0 46.7 4) 
14 89.5 67.3 65.5 62.2 59.0 55.9 52.6 49.4 45.5 8 $2.7 59.9 57.6 53.4 49.4 45.3 61.3 37.3 
16 «60.4 «658.4 254.6 52.0 49.5 47.0 44.3 42.0 10 55.5 51.0 


49.2 46.0 42.5 39.3 36.0 32.7 


18 55.2 «52.5 50.4 48.3 46.3 44.1 42.0 40.0 120 47.6 (48.5 43.8 41.0 38.1 35.1 32.5 29.5 
20, «51.6 60.7 49.2 47.3 45.4 43.5 41.8 39.9 38.1 140 45.00 41.2 40.0 37.7 35.0 32.7 30.1 29 
2 47,3 46.1 45.1 43.4 41.8 40.0 38.3 36.7 35.0 160 40.0 38.5 37.2 35.0 32.8 30.8 28.7. 26.6 3.6 
30 44.0 43.1 42.1 40.4 38.9 37.2 35.8 34.0 32.8 16 27.3 36.2 35.0 33.0 31.0 29.0 26.9 24.9 20.8 
40 «39.5 38.8 37.6 36.1 34.8 33.1 31.8 30.4 29.2 20-3860 34.7 33.4 «351.3 29.3 27.4 25.4 23.3 1.3 
SO 636.5 35.8 34.8 33.1 32.0 30.4 29.0 27.6 26.4 25 52-7 30.2 28.2 26.4 22.6 20.7 
60 35.0 32.0 30.8 29.6 28.0 26.5 25.1 23.8 29.0 28.0 26.1 24.3 22.7 
70 31.0 30.5 29.5 28.0 26.9 25.5 24.1 40 25.9 25.0 23.2 21.7 
80 29.2 «28.6 28.0 26.8 25.4 
90 28.0 27.3 26.6 25.3 24.2 > = hats Temperature 
COOLING RATES AT 1200°F. 2 ae 
“Rates Plate Temperature °F. 3 84.0 74.2 64.4 
°F/sec. 37 72 100 150 200 250 300 350 400 0 
4 193.9 4 95.2 90.0 86.1 78.9 71.7 64.4 57.2 50.0 42.5 


8 97.5 93.2 90.0 64.0 78.1 72.2 66.4 60.5 55.0 O (9.3 48.1 44.2 40.4 36.8 32.8 29.0 5 


10 44.8 42.6 40.9 7. 22.8 
10 76.5 73.7 71.2 67.2 63.0 58.9 54.8 50.6 46.6 


8 
12 65.7 63.7 61.6 58.3 55.1 51.8 48.5 45.4 42.0 
9 


14 36.0 34.5 33.0 30. 2 
14 «87.7 56.0 54.1 51.7 49.0 46.4 43.7 41.1 36.6 


16 34.0 32.3 31.2 29 
16 52.8 51.1 49.9 47.5 45.1 42.9 40.5 38.2 36.0 


«1 27.0 25.0 22.8 


18 32.0 30.7 29.5 27.3 25.5 23. 
18 49.5 48.1 47.0 44.9 42.7 40.7 38.6 36.5 34.2 5.5 


20 30.4 29.4 28.2 26. ° 
20 47.0 45.6 44.2 42.2 40.3 38.3 36.5 54.4 32.5 


25 28.8 27.3 26.4 24.7 
25 42.5 41.2 40.2 38.5 36.7 34.9 33.0 31.1 29.4 


30 26.8 25.7 24.9 23.1 
30 39.2 38.2 37.2 35.7 34.0 32.1 30.5 29.0 27.2 
COOLING RATES AT 800°F. 
40 35.3 34.2 33.3 31.9 30.3 28.9 27.2 25.9 24.2 Cooling 
Rates Plate Temperature - °F, 
50 33.1 32.0 31.1 29.8 28.0 26.4 24.9 23.0 °F/sec. 37 00 150 200 B50 
60 30.2 29.7 28.7 27.1 25.9 24.3 23.0 


2 85.6 76.0 66.4 56.8 47.0 
70 28.2 27.6 26.7 25.1 24.0 86.5 81.5 77.4 70.5 63.3 56.3 49.4 


42.3 36.0 
80 26.1 25.7 24.8 25.4 


68.2 65.0 62.0 56.7 51.0 45.7. 40.0 34.7 29.0 
COOLING RATES AT 1100°F 


3 
— 5 59.9 56.2 53.7 44.9 44.0 39.0 
Cooling 
6 
8 


34.1 29.4 24.8 


Rates Plate Temperature - °F. 52.0 49.6 46.9 42.8 43.6 34.5 30.2 
150 200 


°F/sec. 37 22 100 


250 300 3550 


26.5 22.1 


COOLING RATES AT 700°F, 


Cooling 
.8 Rates Plate Temperature °F, 
18 43.8 42.6 41.0 39.0 37.0 34.9 32.6 30 28 
33 3 
«41.7 40.6 39.1 37.2 55.1 31.0 29.1 27 2 83.7 78.5 74.3 66.9 59.4 51.7 44.1 36.8 29.5 


1 
25 37.5 36.6 35.0 33.1 31.3 29.8 28.0 26.2 24.8 
5 


69.0 64.7 60.6 53.9 47.4 40.8 34.0 
300s «34.5 «235.9 32.4 30.9 29.0 27. 
40 31.0 30.1 29.1 27.5 25.9 24.1 22.6 


3 
25.9 24.1 

5 48.1 45.0 42.3 37.9 33.2 28.8 24.3 
50 28.2 27.6 26.4 24.9 23.3 2 


56.7 52.9 49.7 44.2 38.8 53.4 28.1 


22.7 


41.0 38.5 36.4 32.7 29.0 25.5 


60 26.2 25.5 24.3 


53.2 31.0 29.3 26.1 23.1 20.0 
28.5 
25.6 


26.5 25.0 22.4 
23.3 

23.6 22.6 
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o0oli 
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16 
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4c 
er 
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5 -4 32.8 30.0 27.1 24.4 21.7 foo 
12 32.1 30.7 29.2 27.0 2 +, 
6 95.9 91.5 88.2 62.2 76.3 70.3 64.5 58.7 $53.0 
ae 14 30.0 26.4 27.2 25.1 2: 
ce. 8 75.4 72.5 69.9 65.5 61.0 56.7 52.1 47.9 43.6 > 22.9 
16 27.9 26.7 25.3 23.3 
Pes 10 64.0 61.7 59.3 55.8 51.9 48.3 44.7 41.0 37.8 
18 26.8 25.4 24.1 
esd 12 56.6 54.5 52.6 49.8 46.6 43.4 40.4 37.6 34.6 
20 26.0 24.3 
2 bee 14 50.0 48.5 47.0 44.5 42.0 39.6 37.1 34.9 52.3 
27.5 22.1 
70 24.5 23.8 
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Energy Input—10* Joules/Inch—Required to Produce Various Cooling Rates at Temperature Levels Indi- 
cated with the Plate at Specified Temperatures 


Rat 
oP 
o% 
a? 
62. 
7,2 
50,6 
0 46,8 


70 41, 
80 40, 
90 38, 


62.2 
55.7 
40 45.5 
41.8 
60 39 
7 37. 
8 35.8 


54.0 
48.5 
45.0 
t 40.0 
oc 37,0 
34.8 


Top Pass Butt Welds—Plate Thick 


_____Plate Temperature °F. 
72100 __150 200 250 35a 
37.4 3. ) 
30. ( a. 74.C 0.8 67,2 64. 
75.4 73.0 69,5 66,3 63 Oo, 
71,9 79.2 66,1 63,C 60.90 
67.8 66,0 62,9 60.1 57,7 55.1 52, ‘ 
60,8 901 56,7 53,9 51,7 49,6 47, A 
51,8 49,3 47.2.7 45,9 
19.5 $6,° 44,9 12,1 10,5 37, 
45.8 44,0 42.2 40,8 39,0 Se 
4%, 42,0 38,4 37,0 15,6 
40, 39,5 38, 36.4 35.9 3342 41.9 
58,9 8,0 36, 34.9 33.5 Bed 29,7 
3764 6.6 35.0 33.4 32.2 8.3 
56,7 5, 4,0 32.4 51.1 30. 8.3 ol 
35,1 34,0 4 31,0 
34.1 33.0 30. 1.5 


36,0 


34.2 


COOLING RATES AT 1200°F. 


Plate Tenperat oF, 
@ 200 250 509 
33.7 79.2 Ti, 
86.9 76.3 1.7 67.7 G64, 60.§ 
78. 73. 56.2 64,0 60,3 7.0 
73. 70.9 66, 62.3 58.4 54,5 “4 § 
7) 68. 63.9 60.( 
66.90 2.0 8.2 1.3 15. 
63. he 57.9 4.2 Le 4 
60.4 58,2 54,6 le 45. +4 
4.0 1.6 48.4 45.8 } 
49.8 47. 44.° 39 37.5 
44,2 42.9 40. B8.2 36.9 3 
40. 39. 37.3 35.1 
38,2 3 35.7 33.8 é 
6, 35, 33. 2.1 
35.0 33.8 32.0 30.5 
COOLING RATES AT 1100°F. 
_____Plate Temperature oF. 
72___100 150 200 250 300 35 400 
34, 88, 8 
Bl, ID 1.8 66, 65. 
86.0 82,0 75.0 68, 63,1 399.9 7,0 
74.0 1.0 66.0 61.2 84.2 3 48 
67.5 64.9 60,3 56.0 52.1 49.0 : $3.5 
60, 8,1 54.3 51.0 48.0 45.0 ) 8. 
52,2 50, 47.1 44.3 41,3 39.0 36.5 4 
47.0 45.4 43.0 40. 38.3 36.0 3 e 
43.5 42.0 39.8 37,8 35.5 33. sl. 9.35 
58,8 37,3 35.7 34.1 32.0 30.0 28. 6.4 


cooling 


Rates 


°F /sec, 37 72 


4 


Coo 
Rate 
oF / sex 
18 
50 
vu 
5 
) 
4 


44 
é 
6”? 
64. a 
i 
2.8 
9 
6.6 44. 
ar 
64 
5 
9.9 


ARC WELDING COOLING RATES 


‘2 In., Electrode In. 


COOLING RATES 


87.3 
72, 67.C 
64.5 59.3 
7.5 42.5 

47.0 
43.8 41.C 
59.8 37.2 
56.4 34.0 
$2.5 30.7 
( 


= Plate Temp 


38.2 
34.8 3% 
1.8 2.7 


AT 9 
at 
4a. 9 
7 
4 


36.5 33.4 
$2.7 30.1 


413-s 


| 
COOLING RATES AT 1300°R. 
70.6 E100 2002 300 350 400 
46.4 € 94,5 91,0 74,2 67.8 61.3 56.0 50.5 
4], 80.0 76.0 61.¢ 56,0 47. 42.7 
10 70.0 67.90 $3. 49.4 45.1 41.2 
12 63.0 60.2 48.0 43.9 34.2 
6.8 : 
1s 55.5 53.0 43.0 39.6 31.0 
20 47,1 45.4 27.5 
26 42.5 42.1 
30 39.2 37.8 
21.3 
40 35.0 33.7 26.8 26.9 
60 44,0 
4 
7 
110 36.2 
Rates 12.8 7.5 
/sec, _ 
10 4.5 
>¢ 
14 76,5 
15 73.8 
18 65,8 ; 
7.0 
1.8 
Rates 
°P/sec. 37 
5 
a 91.0 
70.0 5 1.2 45.9 
f . ot > . 
15 62.2 
5 4 44.7 41.7 38. 
$8.8 36.1 33.6 
MM 34.9 33.1 31.4 
MME 32.9 31.0 29.4 
; 


Energy Input—10* Joules /Inch Required to Produce Various Cooling Rates at Temperature Levels Indj 
cated with the Plate at Specified Temperatures . 
Top Pass Butt Welds—Plate Thickness */s In., Electrode 3/16 In. 


COOLING RATES aT 1300°F , 
ooling 


Rates Plate Temperature °F 


121.7 114.1 107.8 
97.9 


9 
-9 90.3 
-8 


111.5 108.0 84.0 
102.5 99.5 
97.0 94.4 


92.2 89.9 


-8 


Temperature oF, 


200 250 


COOLING RATES 


29.6 
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4 
355 
550 400 
99.5 92.0 
10 
90.8 83.2 
eee le 109.8 102 
84.0 77.5 
14 116.0 
78.5 92,7 
16 106.0 
1 109 OLIN 
70.9 
5. 5.1 80.3 76.0 72.0 lates Plete T 
50 81.4 78.0 75.9 71.4 47.) 103.5 
35 76.1 73.6 ary ae 96.8 9 
70.1 68.0 64.1 60.5 57.1 53.9 50.8 47.8 88.2 79.8 
66. 4.4 62.3 58.9 55.3 52.4 49.7 47.0 ‘so -8 20. 9.1 
60 61.8 59.3 57.5 54.1 9 47.9 4 79.5 63.6 57.9 2.0 4 
70 85.6 83.6 80.4 5.9 68.8 63.3 58.2 53.0 47.9 
. 5.7 14 72.0 69.0 
use 35.7 32.8 36 57.0 58.0 47.8 42, 
Jee 30.0 18 68.3 65.4 > 
16 8. 2.8 58.5 54.2 
4.9 (43.0 41.7 50.8 sec . 56.0 81.7 47.6 43.3 49 
130 39.9 36.5 36.7 33m 31.0 9-9 853.0 50.9 47, 43.7 40.) 36.7 33.3 
COOLING Ra? @-5 47.3 45.2 41.9 38,7 55.8 32.2 
LING RATES AT 120088, 72 
50 45.1 43.0 41.1 38.1 34.9 $2.0 29.9 
6 eg 70 537.8 35.9 34.0 313.1 
106.0 98.0 99.5 
8 80 35.0 33.0 31.5 28 
107.0 99.4 92.0 64.4 77.0 6.8 
10 «115.8 3} 7.6 101.0 94.9 88.4 82.0 75.9 pay 90 52.6 30.5 29.0 
12 
104.0 100.0 97.0 91.3 85.7 80.2 75.90 7.6 aT 
9.2 81.9 90.6 65.2 60.5 59 Temperature of. 
ae 76.0 71.0 66.4 61.7 57.2 5 
88.8 85.0 82.0 77.3 72.; 67.9 63.1 58.8 54.7 
Be 20 85.0 81.6 79.0 74.2 69.6 65.2 60.9 56.7 52.5 : 86.5 75.5 64.1 
25 78.0 74.7 72.) 68.0 63.7 59.8 55.9 -8 70.8 61.9 
72.1 «69.3 67 65.3 405-5 100.0 98.3 97.3 71.0 63.0 §5.0 «47, 
67.1 63.3 59.7 56.0 52.1 48.8 45.1 55. 
35 67.0 3.0 82.4 78.9 72.4 19.8 53.% 47.) 40.5 
61.6 99.7 56.4 53.1 49.9 46.8 43.4 40.0 96.9 
50 68. 6 5 . 47. $8. $3.8 
6.8 56.4 54.4 $1.3 46.0 45.1 42.0 39.0 36.2 14 _ 
2-2 90.2 47.3 44.3 41.4 38.5 35.6 32.7 . 
700-808 48.5 46.6 43.6 40.7 37.9 35.0 32.0 29.7 
80 47.5 45.2 48.€ 44.2 40.1 56.4 52.5 28.8 
55.7 52.9 50.5 46.5 3A." 
100 41.7 39.3 37.9 36.0 31.9 29.3 
47. 45.1 42.9 39.1 35.4 32. 29.1 
4 42.3 40.1 8.4 
97.7 86.0 
COOLING RATES AT gocer 
6 106.7 Rate: Pints 
8. 0.5 62.2 14.5 oF, sec. sate Lemperature - 
106.0 102, 16. a9. 84. 72. 06.9 
Ba: 12 93.5 89.8 86.3 80.3 14.3 69.8 65.3 60.9 56.5 4 
14 87.0 83.0 66.3 57.4 48.5 49 
Ch 64.9 - 6 85.5 79.8 5 
68.1 65.2 63 57.2 2. 46.¢ 41.4 36.9 32.1 
+2 -6 51. 48.0 44.0 41.4 12 58.8 54.9 51.9 46 
63.7 60.8 59.0 55.3 5 33.2 29.4 
6 ‘ S. 48.3 45.0 41.5 58.1 14 8.0 0.4 we x 
40 57.2 54.8 52.9 49.5 46.3 43.0 31.0 
"9-0 8641.8 36.9 35.9 32.6 29,7 16 49.2 46.4 43.8 39.9 35.8 30¢ j 
44.1 41.1 38 35.1 32.1 
35.1 2. 29.3 20 47.0 3.6 1 
70 44.7 42.3 40.8 38.¢ 34.9 32.1 29 
74. ‘ oi on os 
80 41.5 39 37.9 (40.6 38.6 35.0 31.0 
: 1.s -2 37. 34.9 31.8 29,2 «37.8 «38.9 52.2 28.6 
100 35.9 33.7 32.2 29.8 50 
414-5 


S Indj. 


Energy Input 


cated with the Plate at Specified Temperatures 
Top Pass Butt Welds- 


Plate Thickness, */, In., Electrode, 3/15 In. 


COOLING AT 700°F. 


Plate Thickness, */, In., 


ine 


Plate Temperat 
> 
or/set. 27 190 150 200 


250 300 


97.3 


70.9 


82.9 69.0 


65.0 67.5 61 45.9 40.1 34.5 
” 6.0 86.7 53.1 47.8 42.1 37.0 51.7 
Q 56.6 2.9 50.0 45.1 40.1 34.8 9.7 
10 51.3 48.5 45.0 39.9 34.9 29.4 
1: 47.7 44.6 41.5 36.8 31.6 
14 44.4 41.6 38.7 34.0 29.4 
16 41.8 39.0 36.7 32.3 28.0 
18 39.8 357.3 35.0 31.0 
2 38.1 35.7 335.5 29.8 
35.5 S2.7 3.4 
x 33.5 31.2 29.0 

Goling 
Rates 

/sec. 
12 
14 
16 122.2 1 8 104.5 

114.6 105.8 
107.1 99.¢ 

120.5 115.4 105.8 99.8 92.4 65. 
4 117.6 113.0 107.8 99.2 94.1 37.4 31.3 
26 2.0 107.9 103.0 95.0 90.0 93.7 78.C 
t 10 02.3 99.0 91.5 86.6 31.9 75.8 
3 102.6 6.2 95.2 68.5 83.8 76.5 4 
35 3.6 90.5 87.8 82.0 78.3 3.4 68 
al 87.5 85. 82.0 77.0 73.3 39.2 ) 
sn 7A 7 76.0 73.2 68.7 a 
55 75.2 72.5 70.0 55.3 62.2 5 
60 72.0 69.7 67.1 62.8 59.8 56. 52.4 
70 66.7 64.3 62.0 57.9 55.0 51.3 9 
80 61.6 989.7 57.0 §3.0 50.4 47.0 43.4 
90 57.8 83.3 49.6 46.8 43.7 40. 
100 53.8 51.6 49.7 46.0 43.4 1. 7.4 
110 50.3 48.2 45.3 43.5 40.7 37.9 35. 
120 3647.3 45.3 43.6 40.7 37.7 
130 44.7 42.8 41.3 18.8 
140 42.3 40.6 39.2 

COOLING RATES AT 1200°F. 


10 


12 126.5 


112.3 


16 102.0 


18 116.5 0 102.1 94 
20 115.0 108.5 06.0 


2 107.5 101.6 97.4 90. 83.7 
2 101.90 96.0 92.4 85.9 79.8 
2e 96.3 91.8 68.1 61.9 76.8 


1943 


112.8 94, 
93.8 
87.0 
a?.0 
77.6 72.0 


54.7 40.5 
4? = a3 
35.9 8.5 
31.7 
4 
ar 
vooling 
ates 
°F /sec 37 7 
8 
i 
14 
Tata) ] 4 
4 
9a.* 
32.8 
9.) 24 8 
oF. 
4 8.9 
74.3 4: 8 
3 8. 4 
» 
65.7? 54 
4 4 g 
6 
59.3 
6 4 
) 
ar 9c 12 
° . 
1 
oF 37 
1.4 
& 
1] 
14 01 
16 4 
18 
l 100.9 
ve 
19.4 73.0 3 
74.4 
50 
67 62.5 60 3 
64.0 59.8 ) 
61.9 57.4 8 


Electrode, In. 


l 
2.5 
42 
4 
42.5 é 
an ¢ 
SOOLI TES AT 
Plate 
- 
119 
111.7 1¢ 4 
7; 
4 
29. 4 
4 4 
7 7* 
77 
74.4 
2. 
f 
4 4.6 
16.9 43 
4 4: 3 
12.6 40 
6 35.9 } 
COOLING RATES AT 
T or 
Tempe 
100 
11] 
104. 
4. 
49 4 
} 29 
4. 


ARC WELDING COOLING RATES 


10° Joules/Inch—Required to Produce Various Cooling Rates at Temperature Levels Indi- 


0 
4 
4) 

37.0 
32.2 


5.8 
29.7 
6.2 
400 
74. 
64.58 
42 
54. 
5 


415- 


P| Cooling Rates at 1200°F, (continued 
350 400 oF/sec, 57 72 100 00. 400 
96.0 90.1 60.4 61.2 51.7 (Ge . 535.2 
4 80,8 75, 71.4 64.3 50.0 42.8 8. 49.3 
© 71.0 66.0 63.5 57.0 50.8 44.2 38.0 58. ‘. 2 
. od $7.1 
52. 45. 
47.3 10.1 
40. 6. 5.4 30.2 
33.3 3 .4 24.8 
59. 82.5 
65.8 
48.0 
60. 16.2 
« 
‘ 14.7 
41.5 
58.7 
47. sf 36.1 
44.¢ | 5 
o 
ire °F 
9.0 
‘ 62.8 
5.0 | 
72.9 
67. 1.9 
63. 5 
— 
59. 18.4 
104. ‘ ? 
9.0 
‘ 29.0 
71.2 66.4 26 
) 


Energy Input—10: Joules /Inch— Required to Produce Various Cooling Rates at Temperatur. 
cated with the Plate at Specified Temperatures 

Top Pass Butt Welds—Plate Thickness, 7 

Plate Thickness, In., Electrode, 3/ 


e Levels Indi. 


/sIn., Electrode, 3/16 In. 
16 In. 


31.7 


55 86.9 83.7 80.8 76.1 71.2 
COOLING RATES aT 800°F, 

Cooling 

Rates 


5 76.2 67.2 62.7 58.2 49.8 
37 15 erature 200 250 75.8 71.3 68.7 44 
3 


° 


500 550 400 


89.3 77.0 80 67.1 64.7 62.2 58.3 54.8 50.6 46.9 4 6 
‘ 107.5 95.0 7.5 60.5 90 «61.8 597.0 53.4 50.0 46.2 42.6 54 
5 96.0 84.0 2.8 61.6 51.2 100 57-0 $4.8 62.7 49.5 46.0 42.5 39.2 35.6 
6 111.5 105.9 95.7 95.7 75.6 65.7 55.5 45.5 110 $2.8 50.7 48.8 45.6 42.2 39.1 36.0 
8 100.5 93.5 69.9 60.3 71.9 635.3 54.9 46.5 38.0 120 «48.5 46.9 44.9 43.7 $8.6 35.7 32.5 2 
10 «87.6 «81.2 77.3 99.7 62.0 54.9 47.6 40.5 33.6 130 5-7 643.7 42.1 39.1 35,5 31.3 
12 78.2 72.3 68.7 61.8 55.0 48.9 42.7 36.6 30.7 140 1 40.8 39.0 36.5 35.9 
14 71.5 66.5 63.1 597.0 50.5 44.9 39.3 33.9 28.5 COOLING RATES AT 12000 F 
61.7 58.2 52.1 46.5 41.0 36.0 31.0 26.7 
18 61.8 57.7 54.3 49.0 43.4 38.7 34.0 20.4 “F/sec. 37 "150 "300 £20 300350 
20 58.2 54.5 51:7 46.5 41.3 36.9 32.9 16 


46.0 41.2 36.9 


32.3 


42.0 


37.8 
355.2 


33.5 29.1 20 


39.2 31.0 


199.2 100.9 93.0 85.¢ 
36.4 32.7 29.0 “4 193.0 95.1 87.6 80.6 4 
26 ] -4 119.0 114.0 105.6 98.0 90.0 83. 76.6 
COOLING RATES AT 70.0 0 

Cooling 119.3 ] 108.6 10 2 

Rates ate Temperature . oF 

°F/sec. 37 109150 200 


a% 29 4 29.5 
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POOLING RATES AT °F. 
357 Too 120 200 250 55 
99.6 90.0 Coc 
6 104.3 95.0 85.9 76.7 67.5 
112.0 107.3 98.7 90.0 41.5 73.0 64.4 56.0 COOLING RATES AT 
106.7 101.2 96.4 06.5 60.7 64.6 56.9 Cooling 

12 96.0 91.2 86.9 79.5 72.0 64.6 57.2 49.8 42.9 *f/sec. 37 150" 300 __300 

18 
14 87.5 82.4 78.6 71.9 65.0 58.7 52.0 45.8 39.7 
20 
16 80.2 76.0 72.2 66.0 9-6 54.0 48.4 42.8 37.0 
2° 
18 74-6 71.3 67.0 61.0 55.0 49.9 44.6 39.4 34.8 = 
2 107 
66.3 63.0 57.8 52.5 47.4 42.4 37.5 33.09 
6 
25 62.0 99.2 86.2 51.4 46.9 42.0 37.8 33.5 29.6 26 wae? 94.4 
55 53.1 50.4 47.7 43.5 39.5 35.4 31.8 106-4 99.8 92.7 05.5 
5 1.4 07.6 5 
45 46.8 44.5 42.0 36.4 34.2 31.0 40 108.4 103.3 99:8 93.3 87.8 61.4 75.8 2., 65.8 
116.7 107.¢ 
18 117.8 108.3 99.8 9 
“3h 3544.2 42.3 
‘ 
. 96.4 89.3 82.2 75.8 69.8 64, 
75.6 61.0 35 101.4 97.5 93.4 87.2 80.8 74.4 68.5 63 
71.5 58.9 46.5 88.8 85.2 73.5 68.0 62.7 597.9 4 6 
4 99.6 48.9 45 86.5 82.35 79.1 73.4 66.2 62.9 58.1 53.6 49 7 
5 114.2 101.5 93.2 40.7 69.5 59.4 50.0 41.0 32.8 50 76.9 73.8 68.8 64.0 59.0 54.3  50.¢ 
A 98.2 88.2 81.5 71.0 61.3 52.5 44.1 36.3 29.9 7.3 @.5 64.5 55.1 50.8 46.9 9 
ae 8 61.0 73.0 67.8 59.3 51.2 43.5 36.4 30.0 60 71-4 68.6 65.6 60.9 86.6 as wi a: 
10 «64.0 59.5 51.9 44.5 38.0 30.5 46.2 42.1 39.5 
12 62.4 «86.7 82.4 46.0 39.8 33.5 ~ 06.4 8.8 «3 41.3 37.8 34.5 5 
14 87.3 82.0 48.6 42.3 36.8 31.0 90 54, 1-5 49.0 45.0 41.1 937.: 33.9 30.9 28.1 
16 95.0 48.2 45.4 39.9 34.1 “3: $7.2 33.5 30.1 27.0 
; 18 49.8 45.5 42.4 37.3 52.1 110 15.9 42.2 41.3 37.9 34.0 30.5 27.2 
k 20 47.2 43.3 40.6 35.7 30.6 120 41.7 39.6 37.8 34.4 31.0 28.0 
25 42.5 38.8 36.4 31.8 130 36.4 34.8 31.9 29.6 
| =" — om 


Input—10* Joules/Inch—-Required to Produce Various Cooling Rates at Temperature Levels Indi- 
ee cated with the Plate at Specified Temperatures 


Top Pass Butt Welds—Plate Thickness 7/3 In., Electrode, */\ In. 


a/ ° 
Plate Thickness, 7/s in., Electrode, */16 in. COOLING RATES.AT 900°F, 
Cooling 
Rates Plate Temperature - °F. indicia 
COOLING RATES AT 1100°F, /seo. 37 200 250 S00 400 


Plate Temperature - °F. 7 6 109.0 96.7 84.% 
200 250 300 350 —-400 


10 118.2 105.7 93.8 82.9 72.6 62.3 
117.0 107.5 98.5 
12 125.2 118.0 112.5 102.4 92.6 83.5 74.6 65.5 56.2 


121.2 111.9 103.2 95.0 87.5 , 
4 14 115.5 107.7 102.1 92.6 63.2 74.6 66.4 58.6 51.1 
: 121.4 111.0 102.6 94.6 87.2 80.0 
ls 16 105.0 96.2 93.1 84.4 76.0 68.4 60.8 53.8 46.9 
112.4 103.0 94.6 87.3 80.2 75.9 
18 97.0 90.7 86.0 78.1 70.2 63.1 56.2 49.9 43.8 
2 3 115.7 104.3 95.7 88.3 61.2 74.8 69.0 
126.0 129.5 20 90.1 84.3 79.7 72.2 65.5 58.8 52.4 46.6 40.9 


~ 

a 


107.3 98.8 90.2 83.2 76.5 70;3 64.7 é 
25 76.4 72.6 69.5 63.4 57.8 51.9 46.6 41.0 35.3 


30 69.0 65.5 62. 


4 112.4 106.5 101.4 93.4 85.6 78.8 72.3 66.5 61. 


57.0 61.5 46.3 40.9 35.8 30.4 
10 : 7.1 69.4 82. 75.3 69.0 63.0 58. 
107.5 101.4 9 35 62.7 59. 51.3 46.5 41.4 36.7 31.6 


101.6 96.5 92.3 85.5 78. 
9 


57.9 53. 


45 53.6 50.5 47. 


0 
72.1 66.1 60.4 55.3 
43.1 38.5 33.8 29.4 
7 


1 
6 
92.4 88.8 82.0 75.7 69.4 63.: 
8 
3 


2 
5 4 
40 58.0 54.6 51.9 47.1 42.2 37.7 352.8 28.0 
9 
88.2 84.0 60.5 74.7 68. > 


3 
63.2 58.0 52.6 47. 


SO «49.5 46.8 43.9 39.4 35.3 30.8 
40 61.1 77.5 74.3 69.0 63. 56.4 53.4 48.6 43.4 & 
1 ov 58.6 3.7 49.0 of 
75.1 1.7 68.8 63 8 5 44.2 39.7 70 38.5 36.0 33.6 29.8 
69.3 66.8 64.5 59.0 54 9.8 45.3 40.8 36.7 80 34.0 31.5 29.5 
f 61.8 59.2 56.6 52.3 48.1 44.0 39.9 35.8 31.7 
COOLING RATES AT 800°F. 
49.6 7 53.1 50.8 47.0 42.6 39.1 35.3 31.3 27.5 @ooline 
Rates P 
4.4 5 49.7 47.6 45.2 41.6 37.8 34.5 31.0 27.7 ° : = 
30 45.3 43.1 41.1 37.9 34.1 31.0 27.8 4 94.2 83.0 
5.6 100 «41.2 «459.0 37.2 33.6 30.2 27.1 5 83.0 62.5 
49 3 l 37.2 35.5 33.5 30.8 27.6 2 105.2 94. 84.2 74.4 65.2 
9.4 20 34.0 32.7 30.8 28.2 8 113.0 107.6 98.7 89.8 80 71.7 63.3 55.9 


COOLING RATES AT 1000°F. 


ng 
ates 14 90.6 684.6 60.0 72.2 64.5 57.4 650.6 44.2 38,3 
57 200 300550 400 
16 83.5 73.6 74.3 66.9 59.6 52.4 46.1 4000 34.4 
117.¢ 
110.3 99.0 
20 «(72.4 «468.1 64.7 $8.3 52.1 45.7 39.6 33.8 28.5 
B 114.2 103.8 94.0 84.7 
25 63.2 59.5 56.3 50.8 45.4 40.1 34.8 29.6 
113.5 102.7 92.8 83.4 74.6 
30 87.0 63.3 50.5 45.3 40.1 35.1 30.0 
‘ 113.5 103.0 93.2 64.2 75.9 67.7 
3651.5 48.5 45.3 40.3 38.8 30.3 
84 l 122.0 104.5 94.6 85.5 lea 69.2 61.6 
40 47.5 44.3 41.6 37.0 32.2 27.7 
4 118.5 ] 0 106.2 96.5 87.6 79.1 71.2 63.8 57.0 
45 43.3 40.5 38.0 33.5 29.3 
' 0 109.7 103.5 98.5 69.4 61.3 73.3 66.3 59.7 53.0 
5 93.0 88.0 84.8 76.8 70.3 63.7 57.2 51.1 45.5 COOLING RATES aT 700°F 
81.6 77.8 74.1 68.2 62.2 56.2 50.4 45.4 40.6 Cooling . 
38 1.0 70.7 67.3 61.7 56.1 $1.3 46.4 41.4 36.7 
40 66.2 65.0 61.6 56.7 51.5 46.9 42.3 37.9 33.5 ‘ soem 
59.4 56.4 53.7 49.2 44.5 40.3 36.3 32.2 2821 108-5 
a « 6 3 5 
60 52.0 49.2 47.0 42.7 36.8 34.9 31.1 27.4 6 
70 46.2 44.0 41.8 38.2 34.2 30.8 104 6.5 6.7 
80 41.2 39.0 37.1 33.5 30.2 9 33 78.4 69.3 60.2 51.8 43.3 $5.7 28.2 
99 36.8 34.8 33.0 30.0 12 
14 68.2 64.0 56.8 49.3 42.3 35.3 8.3 
16 s 62.9 56.7 51.8 45.0 38.3. 31 
18 58.6 84.8 48 41.4 35 
20 $55 51.3 45.0 38.5 32.2 
25 52.3. 48.0 44.9 38.8 32.7 
30 46.6 443.0 39.9 34.3 28 
3 42.0 38.6 35.€ 0.3 
37.9 34.8 $1.7 
H 45 34.5 31.4 
4 
60 31.3 


; 1943 ARC WELDING COOLING RATES 417-s 


Indi. 
or/s 
3 
10 107.0 100.5 95.6 86.9 78.6 70.3 62.8 55.7 49.0 
ee 12 98.9 92.2 87.3 73.7 70.8 62.8 55.8 48.9 42.5 


Energy Input—10* Joules/Inch—Required to Produce Various Cooling Rates at Temperature Levels Inq). 
cated with the Plate at Specified Temperatures 


Top Pass Butt Welds—Plate Thickness 1 In., Electrode, */15 In. 


RATES 


COOLING RATES AT 1100°F, 


1,9 84,4 


82,2 


31.0 


COOLING RATES AT 1000°F. 


Plate Temperature - °F. 


100 150 290 250 300 550 _ 


116,7 1.5 84 1.2 5,2 125,5 113,0 
112,2 106,! 0 9] x 115.5 103.7 
107,6€ 


103,7 


beg 
ING An oF 
COOLING AT 1500°F. 
of 
or/sec, 72 100 150 200 250 300 550 400 _ 
2 38 126.5 121,8 113.5 106.0 98,3 91,0 84.7 76.2 
40 121,5 117,35 109.4 102.1 94,4 37.7 81,3 
42 116,5 112,0 104,7 97, 78,8 73,2 
44 118,5 112,8 106,4 101,0 94.4 75,0 70,7 
46 114,7 108,6 105,0 98,1 92.4 54,9 78.9 73,2 68,3 Cooling ~ 
Rates Plate Temperature °F. 
111,2 105,0 101.6 95,0 88,3 62s 70.8 65,8 °F/sec, 57 72 100 150 200 250 500 
iy 50 107,8 102,1 96,8 92.1 86,2 72,6 73,5 68,7 64, 26 120.0 115,0 106.2 98,0 89,5 61,7 ‘74, 
52  105,0 100,0 96,1 89,7 83,4 77,1 71,8 66,3 61,7 28 115,0 110,0 101,1 92,8 65,0 77,7 70. 
2 
ay 54 102.1 97,3 93.6 87,2 81,2 75,2 69,9 64,4 59,9 30 116,7 110,0 104,9 96,0 87,6 80.1 73.2 47. ; 2 
a 56 99.3 94.8 91,1 85,0 79.2 73,1 €7,9 62,8 58,1 52 110,7 105,2 100,0 91.9 64,1 77,0 70,5 64. ; 2¢ 
Sent 
54 58 96,6 91,6 88,4 32,6 77,1 71,1 35,9 60,9 56,4 34 106,3 100,5 96,2 88,2 80,9 75,7 67,1 61, 3 
a 60 94,2 89,8 66,4 80,4 75,1 69,4 64,0 59,1 54,8 36 6 :101,5 96,6 SME 77,8 71,0 64,7 58.9 53, : 
ae 65 87,0 83.3 80,7 75,9 71,0 66,3 61,5 56,7 51,7 58 97,5 95,0 69,1 MMMM 75.6 69,0 62,5 56.7 51, : 
- 70 82,2 78,5 76.0 71,1 66.4 61.3 56.8 52.0 47,5 40 93,1 89,5 86,0 79.4 72,9 66,5 60,0 54, t3, 
gs 75 77,5 74,2 71,8 67,3 64,6 58,1 53,7 49,1 44,3 42 89.3 86,0 82,1 76.4 70.4 64.5 58.6 52.¢ : 
ek 80 74,3 70,6 68.3 63.9 59.3 54.9 60,2 46,0 41.5 25 85.1 81,1 78.0 72.5 66.8 61.0 59.5 50.0 44 , 
ast 90 66,5 63.3 61.1 57.1 53.0 49,0 45,0 41.0 57,0 50 79.5 75.7 72,1 66,9 61.2 56.0 50,5 45,0 39,9 | 
oe 100 60,0 57.3 55,1 51,3 47,7 43.9 40,2 36,8 33,0 55 75,8 70.5 67,6 62,2 57.0 51.7 46,5 41. 6, | 
ane 110 55.6 52,2 60.6 47.0 43.2 .39.9 36,2 32.7 29.5 60 69.1 66,1 63,0 58,0 53.0 48,0 43,0 38,0 33,1 1 
ag 120 60.0 47,9 45,8 42,3 39.3 36,0 32.8 29.6 26.7 70 61,0 57,8 55,0 50,3 46,0 41,2 37,0 32,4 28, 
es 130 46,9 44,2 42,3 39,1 36.1 32,8 80 54.5 50,9 48,0 44,0 40,0 56,0 52,0 28,1 24.8 
ae 140 43,3 41,0 39.4 36.5 33,4 30,2 90 48.6 45.2 43.0 38,6 34.4 30,5 27.1 24. a 
Ee 150 40.1 38.0 36.5 33.8 31.0 28.4 100 43, 40,2 38,6 34,9 31,0 27,1 
oe 110 39,5 36,2 34,5 30.8 27.1 23.1 
one COOLING RATES AT 1200°F. 
Q 
ling on 
72 2.0050 200 250 500 S50 400 
cee 28 112.0 102,1 93.2 85.1 77,5 Cooling 
- 
30 105,5 97.0 88.8 81.0 74.0 
me 32 100,0 91.9 84.2 77.3 70.7 10 103,0 
ING 
fe) 34 116.2 111,2 102.6 95,1 87.5 80.0 73.6 67,7 12 111,0 99.28 89,0 
101,3 90,0 79,5 
92,9 82,6 72,5 
85.5 76,0 67, 
e 42 Mmm 60O98,5 94.8 88,1 81,9 75,6 69.6 63.9 58,7 20 97.1 87,2 78,2 70,1 62.7 
oe oe 100,1 95,2 91,4 85.1 79,1 73.0 67.2 61,9 56,7 22 118,0 111,2 100,2 90,1 81,2 75.1 65,9 59, 
oe 46 97,5 92,2 89,0 82,6 76,7 70.5 64,9 59,8 54,7 24 116,5 110,0 103,8 94,0 84.9 76,5 69,0 62, ' 
i 4€ 94,2 89,7 86.2 80,0 74,4 68.8 62.9 57,8 52,9 26 109,5 103,0 97,7 88,6 80,1 72,5 65,2 58,9 ' 
ae 50 91,1 87,0 83,2 77,3 72,0 86.4 61,0 56,0 51,1 28 102,5 96.5 91.8 85,7 75,0 68.4 61.5 55, ? 
pees 55 85,2 81,3 79,9 72,3 67,0 61,6 56.4 51,3 47,0 30 97,2 91,5 87,0 79,2 72,2 65,3 58,7 S2,6 47, 
i 60 79,9 76,5 73,1 68,0 62,2 57,0 52,0 47.5 43,3 35 66.5 82,2 78,0 71,1 64,7 86,0 51,9 46,5 41, 
ae 65 75.1 71,9 68.6 63.0 57.9 52,7 48,2 44,0 40,0 40 79,5 74,7 71.0 Gae8 58.4 52,2 46,8 41,7 56, 
ye 70 71,1 68,0 65,3 60,0 54,0 49.6 45,0 41.0 37,2 45 72,2 68,3 64,9 59,0 53,3 47,8 42,2 37,6 ; 
a 80 63,7 60,6 58,0 52,9 47,5 43,1 39.0 35.5 52,3 50 68.0 63.3 60.1 54.0 48,7 43.1 38.1 33. 3 
90 57.5 54.4 52.0 47,5 42,2 38,4 34,4 31.0 28.5 60 58,2 54,2 51.6 46,4 41.4 36.7 32,1 28, 4 
eo 100 51,7 49,0 47.0 42,5 38,0 34.3 31.0 28.0 25.2 70 50,6 46,9 44,3 39,8 35,6 31.0 27.0 23.4 0 
oe 110 46,7 44,4 42,2 38,1 34,2 30,0 80 44,1 4162 W,2 35,0 51,0 
ag 
Pes: 120 42,6 40,5 38,8 35.0 31,0 27,6 90 39.5 36,6 ‘35.0 31,1 27,4 
ong 130 39,4 37,0 35,2 31.8 28.3 25.0 100 35,5 33,0 31-1 28.1 24.8 f 
140 36.5 34.2 52.5 110 32.1 9-282 
418-s WELDING RESEARCH SUPPLEMENT SEPTEMBER 


Energy Input—10* Joules/Inch—Required to Produce Various Cooling Rates at Temperature Levels Indi- 
cated with the Plate at Specified Temperatures 


Indi. Top Pass Butt Welds 
Plate Thickness 1 In., Electrode 3/;. In. Plate Thickness 1 In., Electrode 
COOLING RATES AT 900°P. COOLING RATES AT 1300°F. 
Coolt 
ote Plate Temperature - °F. Rates” Temperature ~ °F. 
oF 72-100 150 200 250 300 350400 °F/seo, 37 200 S00 400 
6 95,5 38 119.0 114.5 106.8 99.5 92.1 85.7° 79.4 73.7 
5 98,0 85,0 40 115.0 110.5 102.9 95.7 68.6 682.2 76.6 71.2 
10 87,0 75,0 42 116.5 110.5 106.2 98.9 91.9 85.1 79.2 73.6 68.7 
114,5 101.5 89.5 78,0 67,5 44 112.5 106.5 102.2 95.3 89.0 82.5 76.9 71.5 66.4 
14 100,5 89,9 79,8 70,5 61,2 46 108.8 102.5 99.0 92.1 85.9 79.6 74.1 69.0 64.2 
= 16 120,0 113,2 101,7 91,0 81,1 72.1 64,0 56,4 48 105.0 99.2 96.2 69.7 63.3 77.2 71.8 66.8 62.0 
109,5 103,3 93,2 83.8 75,1 67,0 59.5 52.2 50 101.6 96.7 92.9 86.7 60.8 75.0 69.7 64.7 60.0 
20 109,0 102,0 97,0 87,1 78.3 70,0 62.2 55.1 48,1 52 99.9 93.8 90.2 64.9 78.5 72.8 67.5 62.7 58.0 
2¢ 101,5 95,1 90,1 61,8 74,0 66,4 59,1 51,8 44,7 54 96.0 91.0 987.9 61.9 76.3 70.9 65.6 61.1 56.2 
24 93.2 88,1 64,1 77,1 70,0 62,9 56,0 48.9 41.5 56 93.5 68.5 85.2 79.5 74.1 68.8 63.6 59.5 54.5 
26 88,6 83,5 79,9 73,1 66.3 59,6 52,8 46,1 39,0 58 90.0 86.0 63.0 77.7 72.2 67.3 62.2 7.9 52.8 
6 86.2 51.2 
28 «85,8 79,8 76,0 0,5 62,8 86,2 49,8 43,0 36,3 60 87.2 83.7 60.7 75.4 70.3 68.3 60.5 56 1 
50 Ac? 47.3 0.8 342 65 62.9 78.7 75.9 71.1 66.3 61.7 57.0 82.2 47.5 
70 77.5 24.2 1.7 67.0 62.4 48.9 53.1 48.9 44.2 
75 73.1 70.9 67.8 63.2 88.9 44.5 50.0 45.9 41.2 
45 61,3 57,3 54,0 48,9 43,2 38,1 33,0 28,0 23,0 
9 38 34. 
50 56,2 5265 49.5 43,8 38,4 33,7 28.8 24.2 20.2 
100 56.7 54.0 51.9 48.3 44.8 41.2 37.9 34.1 30.9 
60 4 4 +4 31,3 26,3 
110 $1.7 49.8 47.2 43.9 40.7 37.2 34.9 30.6 27.9 
70 40,7 3 23,0 
120 47.4 45.3 43.2 40.1 37.1 33.9 30.9 28.0 26.4 
BO 35,4 33,2 31,0 27,4 23,7 20,0 
130 44.1 41.7 40.1 37.1 34.2 31.2 28.3 25.3 22.5 
90 31,4 29,4 27,3 24.0 20.8 17.7 
140 41.0 38.6 37.2 34.6 31.7 29.9 
5,1 100 28.1 26.2 24.9 
150 38.0 36.0 34.6 32.0 29.4 27.0 
COOLING RATES AT S00°F. 
6 85.0 
COOLING RATES AT 1200°F, 
8 86.5 79,5 75,0 Cooling 
Rates late Temperature - °F. 
10 119,5 113,0 103.0 94.2 85,6 78,2 71,2 64,6 °F/sec. 37 72 ‘100 (150 200 250 300 350 400 
111,0 105, 7 56,0 
12 11,0 105,5 96,0 87,0 78,3 70,4 63,0 56 28 106,1 97.5 89.2 81.9 75,0 
4 102,5 97,1 87,7 78,4 69,9 61,8 54,6 47,7 
30 101,0 92,5 85.2 78.6 72,2 
16 103.5 96,5 90,8 81,4 72,8 64,1 56,3 49,0 41,7 
32 114.4 109.9 102.0 95.1 87.8 80.9 74.8 69.0 
18 96,5 88,0 84,9 76,1 68,0 59,3 51.3 44,1 37,2 
= 20 88,5 81,5 78,0 70,6 63,1 55,8 48,4 41,0 33.6 54 = 115,0 110,0 105.8 96,2 60,9 85,7 77,3 71,6 66,1 
400 22 82,0 76,2 73,2 66,2 89,1 52,0 45,0 38,0 30,8 56 110,7 105,5 101,0 93,8 87,0 80,2 74,3 68,9 63,4 
103 24 76,7 72,0 69,5 62,4 55,7 48,9 42,0 35,2 26,3 38 106,5 101.4 97,1 90,0 83,0 77,0 71,1 66.0 60,8 
si 26 73,0 68,4 66,0 59,2 52,4 46,0 39,3 32,7 26,3 40 102,5 97,5 93,0 86,0 79.9 73,8 68,2 63,1 58,5 
“ 28 70.0 65,1 62,2 56,0 49,4 43,1 36,9 30,5 24,4 42 98,6 93,8 90.0 83.2 77.1 Tl. 66.0 60.9 6,2 
30 66,9 62,2 58,9 52,8 46,5 40,4 34.2 28.1 22.7 96:2 00:8 60:5 08.0 28.7 
35 60,3 55,3 52, 40 
46 92,0 87,7 83,8 77,6 71,8 66,1 61,0 56,3 52,1 
40 54,6 49,8 47,0 41,1 35,5 30,0 
- 48 89,0 65,2 81,6 75,3 69,7 64,0 59.0 54,5 80,2 
: 45 48,6 44,8 41,8 36,8 31,3 26,4 
50 86,5 82,7 79,2 73,1 67,3 61,2 56,1 51,8 48, 
50 44,5 40,8 38,0 33,0 28,2 23,3 
55 re) 7 22 87 4 4A 
60 37,2 34,2 31,8 27.5 23.2 19.0 55 8047 (7700 6749 62,5 57,4 52,6 48,2 44,3 
70 31.6 29.0 27.0 60 75,8 71.9 69,0 63.2 57,9 52,8 48,0 44,2 40,7 
COOLING RATES AT 700°F. 65 71,3 67,5 64,6 59,3 54.0 49,6 45,0 41,0 37,5 
8 + 84,5 73,4 62,8 52,8 45,0 70 67.1 63,7 60,9 55,1 50.2 46,0 47,0 38.5 35,0 
10 103,0 96,5 84,9 74,0 63,3 53,1 43,5 34,0 80 59,8 56,8 54,0 49,7 45,0 41,0 37,2 33,9 30,5 
12 102.5 94,5 89,9 78,2 67,9 58,0 48,2 38,7 29,0 90 54,0 50,8 48,2 43,9 40,1 36.8 33,1 30,0 26,8 
96,0 100 48,6 46,0 43,9 39,9 36,0 32.8 29.5 26.2 23.7 
, 16 83,0 77,5 72,9 64,2 56,0 47.6 39,1 31.5 24.0 
110 44.1 41.7 40,0 36,0 32.5 
5) 18 77,3 72,0 67,2 58,9 60,6 43,0 25,8 29,0 22,2 
120 40,5 38,0 36.4 33.0 29.2 
20 72,6 67,1 62,9 54,3 46,7 39,6 32.9 26.7 20.8 
130 37,3 35,0 
0 25 62,5 58,0 54,0 47,1 39,8 32,9 
30 50,3 46,3 39,8 32,8 26.2 140 «54-5 52-2 


35 48,8 44,2 40,4 34,1 27,8 
40 43,5 39,2 36,0 30.0 24.2 
45 38,8 34,8 32,0 

SO 34,6 31,2 28.9 

28,3 25,6 

70 24.2 21.5 


1943 ARC WELDING COOLING RATES 419-s 


j 


; / 
icknegs ] In., Electrode, '/, In. 
Cocling Rates at 900°F, 
or i 50 
26 é 63.9 57, 0,7 4 
28 76.7 734 37 60.4 54,41 47.9 + 40 
50 73,0 69,2 63, 7.2 51,0 45,0 5 
3 “705 65.3 62,0 56,3 50,5 39,1 
58,4 51.0 “5-7 4052 38,0 29.5 
£5 7,7 54,3 51.1 45,9 40,5 35,5 30,5 
5c 2,7 43,0 46, 41,4 37.0 32,0 27.4 
60 44.7 41.9 38,9 34,4 30.1 25. 
70 38,5 6.1 34,0 29,9 25,6 
80 33,5 31,5 29,1 25.6 22.0 
9 29,8 25,7 
100 26.6 


COOLING RATES AT goger. 
206 


ates Flat +emmcreture = 
°F/sec, 37 150 200 500 350 400 
100-4 91,8 
a 9658 88,0 80,0 70, 
10 11540 109,5 99,6 90,6 82,5 75,4 68,7 
12 1055 100.0 90.4 81.6 93.5 67,3 59,4 5: 
14 97,0 91.8 83.3 75.3 67,7 60,0 52.35 45 
16 96,0 89.2 85,2 70.0 62,3 54,8 47,3 39,8 
mane, Sys 13 90,0 85.0 80,4 73,0 65.5 58,0 50,3 42,9 35,; 
$6.5 88,0 20 10 77,5 73.8 66,8 5945 52,5 45,6 36,6 31,7 é 
8640 76,0 22 7705 7244 6940 62,2 5555 48.9 42,1 35,7 26,9 
26 45 64,0 61,0 55,0 48,8 42,7 36,7 30,3 24,5 
80,0 26 61,6 58,3 52,2 46.4 40,2 34,5 28,7 22,6 
22 112,5 106,1 96,0 96,3 77-3 69.3 61.9 55,0 me 90,0 44,1 36,8 
111,0 104.5 99,2 90,0 6144 73,0 65,7 58,6 51,6 35 66,8 409.0 43.8 38,0 32,9 27.9 29.9 
26 103,35 97,2 92,5 64.9 77.2 69,3 62,0 55,2 48,9 
28 «9765 9146 87,7 80,7 73.8 67,0 60,0 53,1 46,3 
50 87,0 83,1 76,3 69,8 63,2 56,9 50.4 44,2 80 42,3 38,7 36.0 31,8 89.0 
55 81,8 27,8 €38,2 62,6 56,7 50,8 45,0 39,2 © 35,2 32,8 30.0 
67,3 $18 56,6 51,0 45,7 40,1 35,0 
45 6748 64,3 61,6 5657 51.4 46,3 42,2 36,3 31,1 COOLING RATES AT 
50 62,8 59,5 56,6 51,6 46,8 41,9 57,1 32,2 27,6 Sooling 
60 5440 5145 39.4 34.9 30.1 25.5 21.5 
37 72 250 300 350 
70 47,0 4458 42,0 58,1 33,9 30,0 70.8 62,0 81,0 44, 
38,8 36,6 29,2 25,5 10 6-5 92.0 81,1 70,8 61,0 $1.9 41,7 35,0 
90 3447 32,6 29,0 25.9 12 96,8 88,5 82,8 72,9 63,1 53,8 45,0 35,0 
200 31,3 29.3 14 8555 78.5 73,8 65,1 57,0 48,7 40.6 31,0 24.7 
120 50.5 28.6 16-780 72,3 68,0 60,0 02,0 44,0 36,4 27,0 
COOLING RATES AT 900°, 18 7244 (67,2 62,6 54.9 47.3 39,8 32.0 
6 110,0 20 87,7 63,0 58,6 51,2 44,0 36,9 29.9 
8 101,0 86,0 25 58,2 54,7 50,2 43,4 36,7 30.0 
10 100,5 86,8 73,0 30 51,5 47,2 43, 37,2 50,8 
12 02,0 69.2 76,8 64,9 4556 42,0 38,2 30.) 26.1 
14 103.4 92.2 69,9 59,0 #0 57 37,8 34,0 28,5 
16 11545 110.2 1ol,0 91,9 82,5 73.1 64.0 54,7 45 36,5 33,5 30,1 
18 206.2 101.3 93,0 84,6 76.0 67,7 59,2 50,4 50 30,2 27.9 
20 105,90 99,7 98,0 87,0 78.8 70.6 62,5 54,3 46,7 60 27.0 24.7 


420-5 


Energy I 
©s/’nch—Required to Prod 
cated wi uce Various Cooling R 
ee ed with the Plate at Specified Ten g ates at Temperature Leve] 
ve's Indi 
T peratures “4S indi. 
ee op Pass Butt Welds—Plate Th i 
$0 110.2 104,2 100.6 
3.4 76,2 69,7 63.1 56 
2.9 66,8 60.8 55.5 
83,7 77,6 71.0 
40 87.5 84.0 80.2 74,5 68.5 
: 45 80,4 77.1 ee 50,0 44,2 
wet SSeS 63.0 68,0 
re 68.1 62.9 57.6 62:3 47.5 « 
55 20.0 66.4 ‘eS 42,3 37,6 
60 . 39.0 34.2 
9.0 54.0 49.3 44.8 4 
94,2 51,3 46.6 42.2 38.2 <4 1 
*2 34,1 30,3 27,0 
+0 45.3 41,1 37,1 33,6 30 1 
90 45,7 42.8 40.4 
O, 4 %6.8 33,0 29.3 26.3 4 20.5 
41,2 
ag 
4 
WELDING 
RESEARCH SUPPLEMENT 
SEPTEMBER Ig 


~10* Joules /Inch—Required to Produce Various Cooling Rates at Temperature“Levels Indi- 
cated with the Plate at Specified Temperatures 


Top Pass Butt Welds—Plate Thickness 1'/2 In., Electrode, 1/, In. 


Energy Input 


ls Ing). 


COOLING RATES AT 1300°F. COOLING RATES AT 1100°F. 
“Rates Plate Temperature - °F. Rates Pilate Temperature - °F. 
ef/sec. 37 72.100 _ _150 200 250 300 350 _400 °F/sec. 37 72 200 25 00 __550 
113,4 104.0 95.2 87.0 79.¢ 30 93, 8 
107,3 96,3 90,0 62.2 75 32 94, 75 . 
102,0 93,4 B5.9 78.7 72. 34 a9 0,1 71.7 63,5 
i 97.1 89.0 61.8 75,1 69,0 : 111,5 105,1 94.4 84,0 75.7 67,6 60,0 52 
116,5 111.0 101,8 93,2 85.5 78,3 72.0 66,0 38 113,00 105,0 99,0 89,0 79,7 .5 64.0 57,0 
118.7 112,0 107.0 98,2 89.9 82,4 75,8 69,6 63,5 40 106.8 99.0 93.4 j 
‘ 5,0 109.0 103.6 95.0 86.6 79.3 72.5 66.7 60.8 42 101,0 94,0 89,0 79,9 71,4 63,9 57,1 51,0 4 
110.5 104.2 99,5 91,2 83,2 76.2 69.9 63,9 58.5 4: 93.7 87,7 62,2 74,0 66,4 5 53.4 47,9 4 
; 107.0 101,0 96,4 88.2 80,4 73,8 67.5 61.9 56.4 5 84,8 79,2 74,7 67,2 60,2 53,9 48,0 43.4 37, 
103.0 96.0 93.5 65,8 78.2 71.5 65.3 59.8 54. 5§ 77,0 72,0 68,0 61,0 54.8 48,9 43,4 38, 
6c 99,0 94.7 89,9 62.5 75.8 69,0 63.0 57.8 52,5 50 70,3 65.7 62,0 56,0 2 4 40.0 36,3 3 
91,5 87,0 83,0 76,2 69.8 63,9 58,2 53.0 48,2 0 60,0 55,5 52,3 47,0 42 8,0 33,8 30 
84.9 80,6 77,0 70,3 64,7 59,0 53,9 49.1 44.7 80 52,0 48,2 45,9 41,2 37,2 33,0 “7 27 : 
7 78,8 75,2 1,3 65,8 60,1 55,0 50.0 45,9 41,5 90 45,9 42,1 40,1 36,7 33,1 29, 04 24, 
0 «69,8 61,3 56,6 51,4 46,8 42.5 38,7 100 41.3 38,3 36,3 32.9 29.8 26.2 23.2 21 
x 90 64,7 61.3 $8.6 53.8 49,6 45,2 41.2 37.8 34.2 110 37,4 84,8 33,0 
83,0 100 5%? 54,6 52,0 46,0 44,4 40,3 37.0 33.5 30.8 120 34,0 31,5 29,9 
; 110 52,6 49.5 47,2 43.7 40,1 36.9 33.5 30.5 27,9 130 31.2 28.9 27.0 
62,0 120 48,2 45.1 43,2 40,0 36,9 33.8 31.0 28.1 25.5 COOLING RATES AT 1000°r 
30 «44,6 «41,6 «40.0 37.0 34.0 
“ 140 41,2 38,6 57,0 34.1 31,3 °F/sec. _57 72 100 150 200 250 300 350 4 
"8 150 38.1 35.6 34.1 31.4 29.0 14 li 
sn COOLING RATES AT 1200°F, 16 96,0 100 
37 72 100 150 200 250 300 550 400 20 125,2 111,2 96,2 85,7 
26, aC 125,68 113,8 103,0 93.2 83,5 22 113,3 100,0 87.7 76,0 € 
32 117,8 106,8 96,5 87,0 77,8 102.0 90.1 78,9 68,6 565 
34 110,0 99.6 90,0 81,0 72,5 92,3 681.5 71.6 62! 
.: 36 103,6 93,8 64,8 76.4 68,5 28 115,5 108,0 95,5 84,0 74,6 66,0 58,0 
38 97,4 88,1 79,7 71,9 64,8 30 117.5 108,0 101,0 89,2 »3 69,1 61,0 53,4 46,6 
40 118,0 112,5 105,1 95.2 64,6 76.5 68,9 61,5 32 109,0 101,0 94,1 83,0 73,0 64,8 57,3 50,3 44,0 
42 112.2 106,9 97,3 88,2 80,0 72,2 65,3 58,7 34  102,0 94,0 88,3 78,2 68,8 61,0 54,0 47,6 41 
44 106.5 101.3 92,7 84.5 76,6 69.3 62.4 56,0 36 95,5 88,5 82,8 73,7 65,1 57,6 50, 44,8 3 
46 110.0 103,0 96,0 89,2 81.1 73,4 66,4 59.9 53,7 - 90,2 83.7 78.7 70.0 61.9 54,8 48.3 42.4 
48 105.2 98,4 93,8 85.3 77,7 70.7 63,9 57,8 51,5 0 85,5 79,3 74.7 66.8 59.3 52, 1 40.5 3 
— 50 100,8 94,5 90,0 81,7 74,0 67,4 61,0 55,0 49,5 4s 75.0 60.8 65.8 58.9 52.7 46.8 41.1 36.2 
5 92,3 66,0 61,4 73,8 66,8 60,1 54,6 49.4 44,5 60 67,1 62,8 59,2 53,2 47.8 42, a 
60 85,0 79,0 74,5 67,3 60.8 55,1 49.7 44.9 40,6 68 60,8 86.7 58.2 47.9 42. 5 28 
| 6: 77,7 72.5 66.3 55,5 50,2 45,7 41,2 37,6 60 $5.7 5208 4001 44.0 30.2 34. 
7 0 71,7 66,6 62,9 57,1 61,2 46,5 42.1 38,1 35,0 70 ‘7,5 44,2 42,0 38,0 34, ; 
80 61,7 57.6 54,5 49.5 44,7 40.1 36,8 33,2 30,5 80 $1.7 38,9 36,7 32,9 29, ; 
9c 54,8 51,3 48.9 44.5 40.2 36,1 52,5 29.2 26,8 90 37,2 34,8 32,7 30s 
100 99,2 46.2 43;9 40,0 36,2 32,1 28,9 26.0 23.5 100 53,5 312 20.8 26.1 2 
110 44,5 42,0 39,9 36.8 32,7 29,2 26.0 23.1 20.6 110 30.5 28.2 
12¢ 40,6 38,4 36,7 33,2 30,0 27,0 COOLING RATES AT 900°F, 
130 37,3 35,4 33,3 80,2 27,1 24,0 ad 
140 34,3 32,5 30,8 27.8 24.8 21.9 s 
150 31.5 29.8 28.0 ae 
16 2 8 75.0 € 
18 102, 3 65, ‘ 
20 7.8 
22 6 44 
24 110,0 101,2 87,1 74,1 64,0 56, 3 41 
(Continued on next page) 
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ARC WELDING COOLING 


RATES 


Energy Input—10* Joules/Inch—-Required to Produce 
Various Cooling Rates at Temperature Levels Indi- 
cated with the Plate at Specified Temperatures 


Plate Thickness, 11/2 In., Electrode, '/,, In. 
Cooling Rates at 900°F. 
Cooling 
Rates ae Plate Temperature - °F. oo 
°F/sec. 37 72.100 150 200 250 300 350 400 
26 112,0 101,0 93,1 79,6 38,0 59,3 51,6 44,5 38,0 


28 102,0 93,0 86,0 74,1 33,5 55,1 47,9 41,2 35.5 
30 93,0 85,7 78,7 68,7 59.5 51.5 44,9 38,2 32,7 
35 79,5 73,0 7 58,8 1.0 44,0 38.1 32,8 28,0 
40 68,6 63,8 9,0 51,6 43,3 38,8 33,4 28,8 24.7 


100 26,4 24,8 23,0 
110 24.0 22.3 1.0 


COOLING RATES AT 800°F. 
Rates Plate Temperature - °F, | > 
°F/sec. 37 72 100 150 200 250 300 350 400 
8 81,0 
10 63,0 
12 51,5 
14 95,0 77,0 60,0 43,5 
16 91,5 71,8 63,3 50,8 38,7 
18 


77,0 65,3 54,7 44,5 34,7 


20 113,0 102.5 94,6 80,7 68,0 56,1 47,2 39.5 31.4 


22 101,09 91,2 83,7 71.0 59,6 50.3 42,5 35,3 28.7 


24 90,3 62,5 76,0 64,9 54,3 46,0 38,6 
26 83,0 75,0 69,5 59,3 50.0 42,7 36,0 30,0 24,2 


28 76,7 69,0 64,2 55,3 47,0 39,9 33.4 27,9 22.5 


30 71,0 64,2 59,9 51,8 44,0 37,5 31.4 26.3 21,2 
35 60,5 55.0 51,0 44,1 38,0 32,0 26.8 
40 52,8 48,0 44,5 38,8 33.2 28.2 
45 46.5 42.8 40,0 35,0 8 
41.5 38.5 36,0 S1.2 26.8 
60 34,4 32,1 30,9 26.0 


79 29.7 27.6 25.9 


COOLING RATES AT 700°F. 


Cooling 

Rates Plate Temperature ~ °F. 

°F/sec. 37 72 100__150 200 250 300 350 400 
10 99.3 81.4 65,8 51.0 37.0 
12 77.0 64,0 52,3 41.7 31,2 
14 5.2 54,0 44,2 35,1 26,5 
16 112,0 99,0 88.5 71,8 57,3 46.7 38,1 30,2 23,5 
18 98,0 85,5 77,7 63,1 50,6 41.5 33.8 27,2 21,0 
20 85,5 76,0 69,0 57.2 46.3 37,7 30.3 24.5 19.0 
22 75,0 68,0 61,3 51,2 41.7 34,2 

24 67,0 60,5 55,1 46,4 38,3 31,2 

26 62,0 56,3 51,2 43.2 36,1 29.2 

28 57,5 52.4 48,1 40,8 34,0 27,3 

30 53,7 48.8 44,8 37.9 31,8 26.0 

35 46.2 42,2 38,8 32,9 27,5 

40 40,6 36,9 33,2 28.0 23.4 

50 32,5 29,5 26.2 

60 27,2 24,3 

70 23.5 20.6 


WELDING RESEARCH SUPPLEMENT 


Reviews of Recent 
Foreign Welding 
Literature 


Note—The Welding Research Council 
unable to obtain current foreign welding Literature ang 
these abstracts are taken from the Welding Literature Revie 
published by the Institute of Welding. 


CORROSION TESTS ON WELDED AND ANNEALED Spectr. 
MENS. Ill. Autogene Metallbearbeitung, vol. 34, 194). 
Sept. 1, pp. 273-280. 


The author reports on an investigation of the rates of 
corrosion and the changes in tensile strength and 
elongation of specimens of steel, copper and aluminum in 
continuous and in intermittent immersion tests lasting 
250 hr. Special attention was given to the effect of scale 
The surface potential of scale-covered material was deter- 
mined from the potential of the scale and that of the 
metal underneath. The more scale present and the 
tighter its adherence to the metal, the nearer did the sur- 
face potential approach that of the scale. The uniform 
coating of scale caused by annealing lowered the surface 
potential. In continuous immersion tests on a scale- 
covered specimen from the heat-affected zone of a weld, 
the rate of corrosion decreased rapidly with time in the 
early stages, while the rate of corrosion of machined scale 
free specimens of weld metal varied between two limiting 
values and, generally speaking, was greater than that of 
metal from the heat-affected zone. In intermittent im- 
mersion tests with machined- and with scale-covered 
specimens the specific rates of corrosion decreased at 
first, but after a certain lapse of time they increased 
rapidly; the fine-grained material annealed at a higher 
temperature corroded the least. With cast iron th 
specific rate of corrosion increased rapidly at first, then 
decreased equally rapidly and finally progressed at a 
steady rate. (Abstracted in Bull. of the Iron and Steel 
Inst., 1942, Nov., p. 35A.) 


INVESTIGATIONS OF THE EFFECT OF WELDING TECH- 
NIQUE, SHEET THICKNESS, AND SUBSEQUENT TREA1 
MENT ON THE CORROSION-RESISTANCE OF WELDED 


ALuMINUM ALLoys. Ill. Autogene Metallbearbeitung, 

vol. 34, 1941, Nov. 22, pp. 353-360. 

A study was made of the corrosion-resistance of welded 
thin sheets of aluminum-manganese alloy, Duranalium 
MG2S, MG3, MG5, Duralumin K and 681 ZB '/;, and 
Duraplat. The welds were made by the oxyhydrogen, 
oxyacetylene and Arcatom processes. Some of thi 
samples were heat treated after welding. Corrosion r 
sistance was tested by immersing the welds in a well 
stirred solution of 3% NaCl + 0.1°% HeOse for various 
periods of time up to six weeks, and measured by deter 
mining the loss in ultimate tensile stress and elongation. 
The results are given in graphical form and several micr« 
sections are included to show the type of corrosion ©x 
perienced. (Abstracted in J. of Inst. of Metals, 194°, 
Jan., p. 14.) 
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ae 60 45,0 42,0 38,7 33,9 29,2 25,9 22.0 18.8 16.0 - 
70 38,4 35,8 33,2 29,3 25,6 21,4 
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> 
ah 90 29,5 27,7 25,2 22.0 19.0 5 
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Mechanical Properties 
of Arc-Welded Chro- 
mium-Nickel Steel at 
Low Temperatures 


TATIC tension and notch impact tests of arc welds 
in austenitic chromium-nickel steel showed that 
room temperature Mesnager value decreased 50%, 

whereas tensile strength steadily increased at tempera- 
tures of the order of —183° C. Unwelded plate of the 


Table 1--Chemical Analysis of Unwelded Plate, Filler 
Metal and Deposit 
S Cr Ni Ti 
Base metal 0.18 18.71 10.8 0.6 
Filler metal 0.12 18.47 10.2 0.82 
Deposit 0.15 17.52 10.2 0.49 


composition shown in Table 1, retained all ot its notch 
impact strength with decreasing temperatures. No 
definite change in room temperature properties was 
produced by cold treatment for 80 hr. at —183° C. In 


*Summary of an Article by V. S. Chernyak, Z. I. Golubeva and TI. A. 
Steinberg, appearing in Avtogennoe Delo, No. 1, January 1941 Abstracted 
by M. A. Cordovi, Research Assistant, Welding Research Council. 
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-40 -80 -120 -160 - 
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Fig. 1—Results of Tensile Tests on Base and Weld Metal 
1—Tensile strength base metal. 
2—Tensile strength weld metal. 
3—Per cent elongation base metal. 
4—Per cent elongation weld metal. 


view of the results obtained, d.-c. arc-welded, austenitic 
stainless steels were recommended for low-temperatures 
service. 


Tensile Tesjs 


Welds were made in 0.32-in. plate (70 
0.08-in. root opening). The electrode was the covered 
“ZL-2” (0.15 in. diameter; d.-c. reversed polarity; 
160 amp.) and the coating consisted of: 


bevel; 0.07- 


Fluorspar, .. 42 
Chalk, %....... 36 
Ferromanganese, “; 1.0 


Waterglass, %......... 18.0 


Tensile tests were made at +20°, —40°, —75° and 
—183° C. on reduced section (0.18 in. diataeter) weld 
metal specimens. The results (averages of 2 to 15 tests 
at each temperature interval) are shown plotted in Fig. 1. 
The tensile strength of the weld metal increased from 
97,000 psi. at room temperature to 156,000 psi. at 
—183° C. The corresponding average values for the 
unwelded base metal specimens were 108,000 and 230,000 
psi. All fractures exhibited fine-grained structure and 
were of the usual cup and cone type. Ductility de- 


Load (kg 


Elongation (mm) 


Fig. 2—Elongation of Weld Metal at Normal and Low Temperatures. 
Diagrammatic 
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i 
: 
Nal 
24 
| 
—— 
LY 
| 
23 
| 
29 


183 
75° 


L H A H A L H 4 

Mesnager value, mkg./cm.? 14.4 16.3 15.35 11.3 15.8 13.6 10.07 14.68 12.35 6.46 
* [—minimum. H—maximum. A—average. 


Table 3—Effect of Cold Treatment Prior to Testing 


Tensile Strength, Mesnager Valye 
Psi. Mkg./Cm? 
+20° C. —183° C. +20°C 183 


Specimens not subjected 


+20" to cold treatment 108,100 230,900 29.2 


29.4 
Specimens cooled in liquid 


Diagrammatic 


Notch-Impact Test 


Mesnager specimens with notch 
perpendicular to the surface of the 
weld were tested and the lowest, 
highest and average values are 
shown in Table 2. 

The Mesnager values for the 
welded joints and the unwelded 
plate are plotted in Fig. 4; the 
results are averages of three to 
four specimens at each tempera- 
ture. The room’ temperature 
(notch impact value) remained 
practically unchanged for the base 
metal whereas for the welded 
specimens it showed a 50% de- 
crease as the temperature was 
lowered to —183° C. (Fiz. 4). 


Elongation (mm) 
Fig. 3—Elongation of Base Metal at Normal and Low Tenperatures, 


creased steadily as the temperature was lowered; the 
relative elongation for the weld metal specimens is shown 
in Fig. 2 and that for the base metal, at various tem- 
peratures, is shown diagrammatically in Fig. 3. 


iS 


thes, 2 


S 


+ 


Temperature °C 


Impact Resistance mkg/cm* 
s 8 


1—Base metal. 


2—Welded joint. 


200 ~40 -80 -120 -200 


| Fig. 4—Mesnager Value (Mkg./Cm.*) at Low Temperatures 
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air for 80 hr. prior to 
testing 99,500 229,200 27.4 9K 9 


An 4 
whic! 
pects 
the 

Com 


Tensile and notch impact tests at +20° C. and — 183 
C. on unwelded plate showed that cold treatment for 
80 hr. at —183° C. had only a slight effect on the room 
temperature mechanical properties, Table 3. 


Fig. 5—Microstructure of Welded Joint. Etchant: Aqua Regia 


bo 

Metallographic Investigation 

t 

Specimens from several plates, welded under identical th 
conditions, were etched with aqua regia. The base of 
metal had a purely austenitic structure in the heat- . 


affected zone which comprised a length of approximately 
0.078 in.; some carbide inclusions were also present. 
Close to the weld proper, the carbide inclusions were es- 
pecially abundant and had a needle-like shape. It was 
observed, in the majority of cases, that the top-run layer 
of the weld had dendritic structure (Fig. 5). 

A macro and X-ray study showed the welded joint 
to be free of defects. 


2 Table 2—-Mesnager Values of Welded Joints at Low Temperature 
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Appendix to “Welding 
Low-Alloy 


High-Strength Steel” 


By W. Spraragen and H. H. Chiswik 


T HAS been suggested that the review on the above 

subject should contain a more extended reference 

to the work of Swinden and Reeve, of England. 
An abstract is given below. The original article from 
which this was taken was entitled, “Metallurgical As- 
pects of the Welding of Low-Alloy Structural Steels,” 
the authors being T. Swinden of the United Steel 
Companies, Sheffield, and L. Reeve of the Appleby- 
Frodingham Steel Company, Scunthorpe, England. 
The reference is correctly given as Item 42 in the 
Bibliography on page 263-s of the June WELDING 
JOURNAL. 

It should also be noted, in connection with the Review 
of the Literature on ‘Welding Low-Alloy High-Strength 
Steel’ that the footnote, credited to E. F. Wilson, on 
page 235-s of the June Supplement to the JOURNAL 
should have been restricted as applying only to fusion- 
weld filler metal. In stabilized stainless steel for many 
other applications titanium gives entirely acceptable 
results and is generally approved, columbium being no 
more satisfactory. 

Although mild steel plates can be welded without 
difficulty for structural uses, the ‘“‘low-alloy’’ steels 
having tensile strength of 74,000 to 100,000 psi., yield 
point over 51,500 psi. and up to 0.30% carbon have 
given considerable trouble when welded, on account of 
the formation of a hard and brittle zone in the plate ad- 
jacent to the weld. This trouble is more serious with 
higher carbon contents, and therefore some alloy con- 
tent, rather than higher carbon, is used for improving 
the strength. For equal strengthening additions, car- 
bon gives the greatest hardening, and molybdenum 
(although ‘‘not usually added in substantial amounts’’) 
the next; other elements are effective as hardeners in 
the following order: chromium, manganese, copper, 
nickel and silicon, the last having the least hardening 
effect per given residual alloy content. 


Mitigating Hard and Brittle Zones 


All low-alloy, high-strength structural steels now in 


* Published in the SuPPLEMENT TO THE JOURNAL OF THE AMERICAN WELD- 
ING Society, June 1943, Vol. VIII, No. 6, p. 225-s 


Thickness of plate, in. 
Direction of test 


3/, 3 


/8 
Lengthwise Transverse 


Tensile strength, psi. 88,500 89,400 
Yield point, psi. 67,200 68,200 
Yield ratio, % 0.76 0.77 
Elongation in 8 in., % 19.5 19.0 
Reduction of area, % 63.1 62.0 


use, when welded, will form a hardened zone next to the 
weld, and sometimes this zone is even cracked. The 
hardness and brittleness of this zone may be mitigated 
by proper welding technique, and by metallurgical prac 
tice, so that, in spite of its presence, the welds of these 
steels may be satisfactory. Metallurgical expedients 
for minimizing the ‘‘brittle zone’’ trouble are: 

1. Selecting the combination of alloying elements 
having the least hardenability factor. 

2. Maintaining the carbon below about 0.12%, and 
relying on alloying elements to strengthen the ferrite. 

3. “Controlling the hardenability of higher carbon, 
high-tensile steel by the addition of alloys exercising a 
controlled inhibition of the hardenability,”’ or in other 
words, adding titanium. 

For practical purposes the authors have rejected the 
first two expedients mentioned, on account of the ex 
pense of the desirable alloys required for making a steel of 
over 75,000 psi. tensile strength, especially with a very 
low carbon content, and they studied in considerable 
detail the possibilities of titanium additions, as men- 
tioned under item No. 3 above. 


Tests of Steel Made in Open-Hearth Furnace 


Results are reported on a steel produced commercially 
in an open-hearth furnace and having the following 
composition : 


Per Cent 


0.04 
Titanium. . 0.37 


The titanium was obtained from a low carbon ferro 
alloy containing about 40% titanium, 15% copper and 
10% aluminum, and in this instance it was added in the 
mold, and without any other addition of aluminum. 
The authors have also used ladle additions of titanium, 
however, and have no particular preference for that 
type of ferrotitanium. (Communication from Dr. 
Swinden.) 

When rolled into plates and normalized at 1650° F., 
this steel gave the following tensile test results, shown 
in Table 1, had an Izod impact value of 85 ft.-Ib. and 
could be bent flat without fracture. 

A similar steel without titanium, in the form of '/9-in. 
plate, would have a tensile strength of about 75,400 
psi., a yield point of about 51,500 and 0.66 yield ratio. 
The titanium addition thus raised the tensile strength 


Table 1—Properties of Steel Normalized at 1650° F. 


1/ 1/ 5 


2 2 § 
Lengthwise Transverse Lengthwise Transvers« 
84,800 85,700 87,400 86,900 
65,600 67,700 66,500 64,000 

0.78 0.79 0.76 0.74 
20.5 21.5 21.0 22.5 
66.0 64.0 60.9 59.2 


# an 
H A 
25 6g 
T Value 
183° ¢ 
4 
25.9 
» 
+ 
. 
¥ 


8.7%, the yield point 29.4% and the yield ratio 18.2%, 
still giving ample ductility and impact resistance. 

The improvement in lessened hardenability was con- 
firmed in a number of welding tests carried out on these 
titanium steels. An example of such a test on !/2-in. 
butt-welded plates of the same ‘‘manganese-copper”’ 
steel mentioned above is given below. The welds were 
made with a single sealing run, using a ‘“‘high-tensile 
electrode” in a 60° single-V notch. Tensile tests: were 
made with parallel-sided specimens, both breaking in 
the plate. The bend tests were not strictly comparable, 
that on the titanium steel having been made around a 
l-in. pin, with that on the untreated steel made less 
severely around a 2-in. pin. 
Kind of steel 


Tensile strength of weld, 
psi 


Titanium Non-titanium 


Elongation on 1/2 in. in 
bending, %............ 49 and 54 33 
Reverse bend, root of weld 
25 10-15 


Izod value, center of weld.. 51 and 67 


45 and 53 
Izod value, edge of weld. .71,5 and 71.5 


45 and 60 
Although these results are admitted not to demon- 
strate necessarily the weldability which may be expected 
under shop conditions, the marked elongation of the 
welded titanium steel in the bend test is considered to 
be of great practical interest. This improvement in 
ductility is probably due to the absence of hardening 
and also to the higher yield point of the titanium steel. 

In actual welding of plates in large structures other 
factors, such as the placing of several runs of weld metal 
on top of each other, and the prevention of expansion or 
contraction across the weld by rigidity of the structure, 
affect the quality of the finished joint. The rigidity 
or “restraint from movement” is what causes welds to 
crack soon after they cool, the cracks being actually due 
to shrinkage stresses combined with the hardening (or 
loss of ductility) of the plate adjacent to the weld. 

The influence of titanium in reducing the degree of 
weld hardening produced by a single fillet weld in high- 
tensile steel is illustrated by two examples, both made 
with '/>-in. plates of about 89,500 psi. tensile strength, 
using a mild steel electrode. The maximum hardness 
near the weld was 406 Vickers with the plain steel, and 
298 with the titanium steel; the hard zone was only 


Welding Low-Alloy 
High-Strength Steel 


CORRECTION 


N PAGE 244 of the June 1943 Supplement we 
wish to call attention to what appears to be an 
inaccuracy in reporting the work of the R.11 

Subcommittee on the British Institute of Welding. We 
refer to the first paragraph on page 244-s which discusses 
the fillet sizes required for different plate thicknesses and 
compositions shown in Table 35. The third sentence 
now reads: 
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about a third as wide in the latter steel as in the forme; 
and the microstructure was sorbitic instead of martey, 
sitic. The reduction in width of the hardened zone w. 
believed to be due to the “fine grain and resistance t, 
grain growth of the titanium steels.”’ 


Test for Cracking Tendency 


A special test and test specimen for determining the 
cracking tendency of high-tensile steel during welding jg 
described in detail. The degrees of cracking seen after 
making this test are classified in accordance with the 
refinements of polishing, etc., required for observing the 
cracks. ‘‘High-tensile electrodes’ invariably produced 
severe cracks in this test, as well as in shop welding when 
the joints welded were restrained from movement. The 
heaviest possible flux coatings on the electrodes improve 
the results. 

“With the titanium high-tensile steels’ the authors 
“results have been very much better, as would be ex. 
pected from their considerably lower degree of harden. 
ability. In the crack test the lower tensile grades of 
this steel are free from all cracks with all electrodes: the 
higher tensile grades may develop very fine micro- 
cracks when using the least satisfactory of the high 
tensile electrodes, while, with more suitable grades, 
cracks will be entirely absent.” 

Dead soft mild steel electrodes gave good results in 
welding high-tensile steels. Although the hardened 
zone was present in such welds, cracks were not formed. 
To prevent cracking, the all-weld-metal should contain 
less than 0.10% carbon (preferably below 0.08%), less 
than 0.30% manganese and less than 0.05% silicon. 
Austenitic stainless steel electrodes also give good re- 
sults. Finally the authors discussed “welding tech- 
nique,’ showing that with other conditions unchanged 
the following expedients prevented cracking: ‘“‘multirun 
welding,’ preheating, and stress relieving by heat treat- 
ment. The electrodes should not be too large, nor the 
speed of welding too great. 

Prof. B. P. Haigh in the discussion suggested that the 
lack of cracking with the titanium steels was due to the 
critical point occurring at higher temperature, where 
the transformation of martensite would not result in a 
contraction of volume, as would occur with a lower 
transformation temperature. 


“Thus, by way of illustration, a fillet size of only 
*/16 in. is allowed in a '/,-in. plate (1.54 manganese 
0.20 carbon max.), whereas, in a l-in. plate of the 


same steel a */s-in. fillet can be made without danger 
of cracking.” 


It has been suggested to us by one of our British 
reviewers that this sentence should read as follows: 


“Thus by way of illustration, a fillet size of at least 
3/16 in. is required in a '/,-in. plate (1.54 manganese 
0.20 carbon max.), whereas in a 1-in. plate of the same 
steel a */;-in. fillet minimum must be made to avoid 
danger of cracking.”’ 


The point which must be emphasized is that the fillet 
sizes as given in Table 35 must be regarded as minimums 
This is clearly brought out in the heading to the table. 
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Weld-Bead Hardness Tests on Some 
Carbon, Nickel and Nickel-Chromium 
War Department Steels 


By Oscar E. Harder and C. B. Voldrich' 


Introduction 


HIS paper is based on a report dated January 25, 

1943, to War Department, Watertown Arsenal, 

Contract No. W-952-Ord-6270 Order No. 3-2149, 
ind covers weld-bead hardness tests on 34 steels repre- 
sentative of plain carbon, nickel and nickel-chromium 
illoy steels. The authors are grateful to the Office, 
Chief of Ordnance, for permission to use the data of the 
original report for the preparation of this paper. 

Weld-bead hardness tests were made on plates '/» in. 
in thickness and 3 in. by 6 in. in size, first, at a tempera- 
ture of 65° F., and second, if the hardness was above 
3) vickers or cracks developed, at a plate temperature 
of 300° F.; or if the hardness was below 350 and no 
cracks developed, at a plate temperature of —20° F. 

It was necessary for Battelle to secure the steels, but 
provision was made for forging and rolling to the desired 
size in case the specified size or thickness was not avail- 
ible. Chemical analyses were required, but in case of 
elements not covered in the specification, spectrographic 
analyses were permitted. The methods of making the 
weld-bead hardness tests were those outlined in ‘“‘Tenta- 
tive Tests for Arc Welding Properties of Steel; A. 
Weld Bead Hardness Test’? (AMERICAN WELDING 
Society), dated April 1, 1942. Exact details used in 
the experimental work are given later in the present 
paper. 

_The specification ranges for the chemical compositions 
of the steels to be studied are given in Table 1, and their 
a as determined by analyses are shown in 

able 3. 


Steel Classes and Specifications 


The W.D. numbers and the chemical requirements 
U. S. Specification 51-107D, Amendment 3, dated 
April 10, 1942) for the steels included in this research 
are shown'in Table 1. In selecting and ordering the 
steels, an attempt was made to secure steels with the 
carbon and manganese, as nearly as possible, in the 
middle of the specified range. 


’ ae presented at the Annual Meeting, A.W.S., Chicago, Ill., Oct. 18 to 


{ Assistant Director and Welding Engineer, respectively, Battelle Memorial 
Columbus, Ohio 


nstitute 


Two lots representative of each of the W.D. Nos. 
1015 and 1025 have been tested. This was done in order 
to give a better coverage of the carbon ranges for these 
two classes. In the case of steel W.D. 1350, approval 
was received (11/10/42) to use an analysis which was 
slightly below the specified minima for carbon and man 
ganese. 


Chemical and Spectrographic Analyses 


The A.W.S. specification required reporting on ten 
elements: carbon, manganese, silicon, sulphur, phos 
phorus, chromium, nickel, copper, vanadium and 
molybdenum. The steel manufacturers submitted analy 
ses for all steels. These analyses were not complete 
in all cases because in several grades of steels the silicon 
is not regularly determined. Battelle determined the 
carbon contents of all steels before they were used in the 
weld-bead hardness tests. Battelle also checked several 
manganese contents and determined the silicon for 
those samples which had not been analyzed for this ele 
ment by the manufacturer. The spectrographic analy 
ses for nickel, chromium, copper, vanadium and molyb 
denum were made by the W. B. Coleman Company. 
These analyses were made on all of the 36 steels, but in 
those steels which specified nickel or nickel and chromium 
the chemical method was used. 

The compositions of the steels are shown in Summary 
Table 3. 

In reporting spectrographic determinations, it is 
customary to report “‘less than,’ for example, as with 
steel W.D. 1350, the nickel was reported as “‘less than 
0.02%.’ These values are indicated by a minus sign, 
in this case as “‘0.02—.” 


Deoxidation 

The silicon content of the steel generally indicates 
the degree of deoxidation, but in certain cases classifi- 
cation could not be made with assurance on the basis 
of the silicon content. In those cases the steels were 
referred to the manufacturer for classification. Thus 
the data reported are believed to be accurate because 
doubtful cases have been checked with the manufac- 
turers. Five steels, Lab. Nos. 1, 2, 6, 15 and 16, were 
classed as rimmed: five, Lab. Nos. 2T, 4, 5, 6C and 9, 
as semi-killed; and the other 26 as killed. 
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Table 1—Chemical Specifications for Steels 


W.D. Carbon 


Chemical Requirements, %t 


Manganese Phosphorus Sulphur, Nickel Chromium 
Steel No. Range Range Max.* Max.* Range Range 
1010 0.05-0.15 0.30-0.60 0.045 0.055 
1015 0.10-0.20 0.30-0.60 0.045 0.055 
X1015 0.10-0.20 0.70-1.00 0.045 0.055 
1020 0.15-0.25 0.30-0.60 0.045 0.055 
X1020 0.15-0.25 0.70-1.00 0.045 0.055 
1025 0.20-0.30 0.30-0.60 0.045 0.055 
1035 0.30-0.40 0.60-0.90 0.045 0.055 
1040 0.35-0.45 0.60-0.90 0.045 0.055 
1045 0.40-0. 50 0.60-0.90 0.045 0.055 
1050 0.45-0.55 0.60-0.90 0.045 0.055 
1055 0.50-0.60 0.60-0.90 0.040 0.055 
1060 0.55-0.70 0.60-0.90 0.040 0.055 
1112 0.08-0. 16 0.60-0.90 0.09-0.13 0.10 -0.23 
X1112 0.08-0.16 0.60-0.90 0.09-0.13 0.20 -0.32 
1115 0.10-0.20 0.70-1.00 0.045 0.075-0.15 
X1314 0.10-0.20 1.00-1.30 0.045 0.075-0.15 
X1315 0.10-0.20 1.30-1.60 0.045 0.075-0.15 
X1335 0.30-0.40 1.35-1.65 0.045 0.075-0.15 
X1340 0.35-0.45 1.35-1.65 0.045 0.075-0.15 
1335 0.30-0.40 1.60-1.90 0.040 0.050 
1340 0.35-0.45 1.60-1.90 0.040 0.050 
1350 0.45-0. 55 1.60-1.90 0.040 0.050 
2315 0.10-0.20 0.30-0.60 0.040 0.050 3.25-3.75 
2330 0.25-0.35 0.50-0.80 0.040 0.050 3.25-3.75 
2340 0.35-0.45 0.60-0.90 0.040 0.050 3.25-3.75 
3115 0.10-0.20 0.30-0.60 0.040 0.050 1.00-1.50 0.45-0.75 
3120 0.15-0.25 0.50-0.80 0.040 0.050 1.00-1. 50 0.45-0.75 
3135 0.30-0.40 0. 50-0.80 0.040 0.050 1.00-1.50 0.45-).75 
3140 0.35-0.45 0.60-0.90 0.040 0.050 1.00-1.50 0.45-0.75 
X3140 0.35-0.45 0.60-0.90 0.040 0.050 1.00-1.50 0.600 90 
3145 0.40-0. 50 0.60-0.90 0.040 0.050 1.00-1.50 0.45-0.75 
3240 0.35-0.45 0.30-0.60 0.040 0.050 1.50-2.00 0.90-1.2 
3250 0.45-0.55 0.30-0.60 0.040 0.050 1.50-2.00 0.90-1.25 
3312 Max. 0.17 0.30-0.60 0.040 0.050 3.25-3.75 1.25-1.7 


* When electric furnace steel is specified, the maximum phosphorus shall be 0.025% and the maximum sulphur shall be 0.030% 


t Silicon range of all W.D. basic open-hearth alloy steels shall be 0.20-0.35%. 


silicon content shall be 0.15% minimum. 


Grain Size 


All of the steels have been tested for their McQuaid- 
Ehn grain size. Specimens were pack-carburized for 
8 hr. at 1700° F. and the grain sizes determined in the 
hypereutectoid cases by comparison with A.S.T.M. 
charts (A.S.T.M. Designation E19-39T). The data 
are shown in the Summary Table 3. 

The structures in a majority of cases could not be 
described by a single grain size, and it was found neces- 
sary to use special designations. For example, W.D. 
1060 was described as “2 & 4’’ which means that these 
two grain sizes predominated with more of No. 2 than 
of No. 4, while W.D. 1112 was designated as ‘5-6’ 
which means that the grain size ranged from No. 5 to 
No. 6. In some instances the grain size was sufficiently 
uniform to be designated by one number. 


Forging 


Provision was made so that if steels were not available 
in plates 1/2 in. in thickness, suitable specimens could 
be produced by forging and rolling. It developed that 
25 of the steels were not readily available in the desired 
thickness. 

The data in Table 2 show the size of the stock as 
purchased and the forging and rolling temperatures. 
The first and second columns under ‘‘Forging Tempera- 
ture’’ give what were considered the maximum and 
minimum permissible forging temperatures, respectively. 
The third column gives the temperature used at the 
beginning of forging, while the fourth column gives what 
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For electric and acid open-hearth alloy steels, th 


was considered to be the finishing temperature for th 
last pass in the rolls. All stock was surface-cleaned by 
grit-blasting before the final rolling. No difficulties wer 
encountered in following the schedule as given in Table 2 
and no difficulties were experienced with these steels 1 
either the forging or rolling operations. Because of th 
small sections of some of these steels, it was necessary t 
cross-roll in order to obtain the required width of 3 in. 


Normalizing 


The specification called for normalizing the specimens 
approximately 100° F. above the upper critical tempera 
ture. Table 2 gives the temperatures corresponding 
to the upper critical (Ac;) temperature plus 100° F. and 
also the temperatures used for the various steels. The 
specimens had been cut to size (3 x 6 in.) before they wer 
normalized. As is obvious from the data in Table 2 
the steels could be grouped into batches requiring th 
same normalizing temperature and that was done. 

The specimens were heated to the required temperatur 
in an electric furnace, held at temperature for 30 mun. 
and then placed on edge on refractory brick and coole¢ 
in still air. 

The normalized specimens were grit-blasted to remov' 
the scale. 


Experimental Work 


The experimental procedures to be used in making 
weld-bead hardness tests are given in ‘“Tentative Tests 
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Table 2—Stock Sizes, Forging and Normalizing Treatments 


— BM! W.D. Stock 
4 Lab Steel Size, Forging Temperature, ° F.* Normalizing Temperaturet 
1romium +} No Type In. Max Min. Start Finish Ac; + 100° F. Used ° F, 
Range 1010 1/,x6x 18 1705 1700 
: 9 1015 18x 24 1685 1680 
oT 1015 1/4x3x 36 ; 1685 1680 
i X1015 1/,x6x18 1685 1680 
} 4 1020 1/ox6x18 1670 1680 
5 X 1020 1/2x21x15 1670 1680 
6 1025 6x 24 1645 1650 
6C 1025 1/,x6x18 1645 1650 
7 1035 1/,x 86x 72 1575 1600 
g 1040 2'/s sq. 2250 1800 2200 1850 1555 1550 
9 1045 2'/2 sq. 2250 1800 2200 1850 1550 1550 
10 1050 1°/, rd. 2200 1800 2150 1850 1525 1525 
11 1055 2'/2 sq. 2200 1800 2200 1850 1525 1525 
2 1060 13/, rd. 2160 1800 2150 1850 1510 1500 
13 1112 4 sq. 2350 1800 2250 1850 1690 1700 
14 X1112 4 sq. 2350 1800 2250 1850 1690 1700 
15 1115 21/2 sq. 2300 1800 2300 1850 1690 1700 
ib X1314 2'/. sq. 2300 1800 2300 1850 1650 1650 
17 X1315 13/, rd. 2350 1800 2250 1850 1620 1600 
18 X1335 1/, x 36 x 72 — oe 1520 1525 
i9 X1340 1'/, rd. 2300 1800 2250 1850 1500 1500 
1335 1/,x 36x 72 1520 1525 
21 1340 13/, rd. 2300 1800 2250 1850 1500 1500 
22 1350 13/, rd. 2200 1800 2150 1850 1500 1500 
23 2315 13/, sq. 2200 1800 2200 1850 1540 1550 
24 2330 13/, sq. 2200 1800 2200 1850 1500 1500 
5) oe 25 2340 2 sq. 2200 1800 2200 1850 1460 1475 
75 
5-0.75 26 3115 2 sq. 2200 1800 2200 1850 1600 1600 
5~).75 27 3120 2 sq. 2200 1800 2200 1850 1580 1600 
5-0.75 28 3135 13/, sq. 2150 1800 2150 1850 1545 1550 
O-). 1) 29 3140 19/4 sq. 2180 1800 2150 1850 1515 1525 
5-0.75 30 X3140 2 sq. 2150 1800 2150 1850 1530 1525 
0-1. 25 31 3145 2 sq. 2150 1800 2150 1850 1495 1500 
0-1. 25 32 3240 23/, sq. 2150 1800 2150 1850 1525 1525 
5-1. 75 33 3250 3x3x4 2180 1800 2150 1850 4475 1475 
7 34 3312 1*/, rd. 2220 1800 2150 1850 1535 1525 
steels, th * Stock cleaned by grit-blasting between forging and rolling, and cooled in vermiculite after finish pass. 
* Stock held '/; hr. at temperature and cooled in air. 
for the Table 3—Summary of Steel Types, Compositions, Grain Size and Weld-Bead Hardness Tests 
aned by —Vickers Hardness No.-— 
(10 Kg., 30 Sec.) 
1es wert H Maximum in Heat- 
Table? wW.D Av. in Affected Zone Carbon 
Lab Steel - Chemical Composition, %— Grain Parent -—20°F. 65°F. 300° F _ Equiv 
steels in HE Ne Type C Mn s P Si Ni Cr Cu Mo Vv Size Plate Test Test rest C + Mn/6 
e of tl I 1010 0.12 0.42 0.036 0.017 0.01 0.04 0.02 0.11 0.01 0.004 3-4 101 142 135 0.19 
| XK : 2 1015 0 20 0.40 0.038 0.008 0.02 0.03 0.02 0.07 0.01 0.003 5&7 121 183 197 0.2% 
ssarv ti : 27 1015 0.15 0.42 0.036 0.021 0.08 0.02 0.03 0.03— 0.01 0.002 3&5 123 174 174 0.22 
ba 3: : 3 X1015 0.20 0.78 0.040 0.024 0.11 0.18 0.03 0.10 0.03 0.003 4&6 137 194 200 0.33 
on, | 1 1020 0.25 0.46 0.032 0.016 0.03 0.03 0.03 0.03— 0.02 0.005 3-4 136 191 210 0.33 
: , X1020 0.20 0.79 0.036 0.016 0.12 0.02 0.02 0.08 0.01 0.006 4&5 133 190 193 0.33 
; 6 1025 0.28 ( 41 0.034 0.010 0.02 0.03 0.04 0.16 0.01 0.005 1&6 133 212 227 0 
; 6C 1025 0.23 0. » 0.040 0.017 0.038 0.04 0.03 0.05 0.02 0.007 4-5 122 195 190 0.31 
. 7 1035 0.36 0.9 0.027 0.017 O.21 0.06 0.08 0.26 0.001 0.006 7 175 327 322 0.51 
Ss 1040 0.36 0.%6 0.031 0.034 0.27 0.05 0.03 0.20 0.02 0.004 1-6 176 294 290 0.50 
‘mpera 9 1045 0.44 0.65 0.030 0.012 0.06 0.02 0.03 0.05 0.01 0.005 3-4 161 289 330 0.55 
yondin: 10 1050 0.50 0.88 0.029 0.022 0.25 0.02— 0.06 0.038— 0.001 0.008 2&6 193 339 324 0 bo 
6 ll 1055 0.51 0.76 0.023 0.018 0.21 0.03 0.02 0.03— 0.01 0.002 3&4 194 345 339 0.64 
F. and 12 1060 0.52 0.71 0.034 0.018 0.14 0.02— 0.02 0.03— 0.001 0.003 2&4 187 339 339 307 0.64 
5. The 13 1112 0.14 0.88 0.152 0.092 0.03 0.02— 0.02— 0.03— 0.001— O.001— 5-6 144 191 188 0.29 
14 X1112 0.17 0.92 0.208 0.095 0.03 0.02— 0.02— 0.03— 0.001— O0.001— 5 144 195 188 0.32 
Py wert 15 1115 0.20 0.75 0.118 0.011 0.03 0.03 0.04 0.18 0.001 0.003 1&6 120 175 181 0.32 
‘able ? 16 X1314 0.19 1.20 0.108 0.019 0.04 0.02 0.07 0.07 0.002 0.003 5 127 187 194 0.39 
a ce ii X1315 0.21 1.46 0.095 0.020 0.10 0.02— 0.02— 0.03— 0.001— 0.001 3-5 152 237 243 0.45 
ing the 18 X1335 0.31 1.50 0.032 0.016 0.21 0.08 0.09 0.25 0.001 0.009 6 187 383 297 0.56 
19 X1340 0.36 1.36 0.111 0.021 0.06 0.02— 0.06 0.038— 0.001 0.001 3&4 177 314 207 254 0.09 
| 20 1335 0.33 1.49 0.032 0.016 0.21 0.03 0.08 0.03 0.001 0.008 5 188 146 339 0.58 
erature 21 1340 0.40 1.76 0.026 0.033 0.25 0.02— 0.06 0.03— 0.001 0.005 fy 2265 566% 421 0.69 
_ <2 1350 0.44 1.56 0.028 0.020 0.18 0.02— 0.02— 0.03 0.003 0.006 h 213 25 554 393 0.70 
min 
‘“ooled 23 2315 0.17 0.50 0.021 0.015 0.28 3.45 0.07 0.07. 0.01 0.01 6 160 351 274 0.25 
C ‘ “4 2330 0.33 0.72 0.024 0.019 0.26 3.50 0.12 0.05 0.03 0.003 3& 6 240 ve 554 498 0.45 
, 2340 0.40 0.65 0.012 O.011 0.19 38.51 0.05 0.16 0.01 0.006 7 224 ; 578* 548 0.51 
“emMove a6 3115 0.17 0.53 0.022 0.016 0.23 1.26 0.65 0.09 0.04 0.007 1-6 149 278 284 0.26 
4. 3120 0.21 0.46 0.025 0.014 0.26 1.19 0.59 0.09 0.05 0.006 7 148 280 287 0.29 
7 <S 3135 0.34 0.65 0.024 0.015 0.22 1.12 0.64 0.10 0.05 0.006 3&6 195 168 351 0.45 
<9 3140 0.38 0.73 0.027 0.015 0.20 1.16 0.56 0.083— 0.01 0.003 5 & 6 204 536 342 0.50 
0 X3140 0.38 0.74 0.018 0.02 0.23 1 0.69 0.03— 0.02 0.002 6 233 585 * 183 0.00 
2 3 3145 0.41 0.70 0.0386 0.015 0.20 1 5 0.63 0.08 0.09 0.008 > 267 578* 450 0 3 
4 se 3240 0.39 0.49 0.018 0.016 0.25 1.73 1.03 0.05 0.04 0.01 6 287 585* ind 0.4 
33 3250 0.50 0.45 0.015 0.023 0.24 1 1.07 0.08 0.09 0.001 7 345 642* 642* 0.58 
; 4 3312 0.11 0.58 0.010 0.017 0.26 3.59 1.56 0.06 0.011 0.002 1&6 89 376 333 0.21 
naking ; 
pa : Denotes cracks in heat-affected parent metal adjacent to weld bead 
Tests —— 
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for Arc Welding Properties of Steel; A. Weld Bead 
Hardness Test’’ (A.W.S.), dated April 1, 1942.* 

The specific details of the procedures used in this 
study are given in the following text. 


Equipment and Operation 


The equipment used and the details of depositing the 
bead are described below. 

Automatic Welding Head: 
6WFBIAS5, with Stick-Feed. 

Welding Generator: Lincoln 300-amp., direct current. 

Electrode: */\.-in. Wilson 98N (A.W.S. Class E6010); 
the electrodes were stored in a dry-air cabinet at ap- 
proximately 20% relative humidity and 70-80° F. for 
several weeks before use. 

Welding Current: Average 180 amp. (direct current, 
electrode positive); average fluctuation 175-185 amp. 

Arc Voltage: Average 25 volts; average fluctuation 
24-26 volts. 


General Electric Model 


Fig. 1—Automatic Welding — Showing Specimen 
in Jig 


Open-Circuit Voltage: 78-80 volts. 
Speed of Welding (automatic traverse): 
minute. 

Duration of Welding (arc time): 0.60 min., giving a 
weld bead 3 in. long from starting end of bead to center 
of crater. 

Position of Welding: Flat; electrode inclined 15° in 
direction of welding. 

The welding generator was operated on preliminary 
welds for at least one hour before starting on test welds. 

The equipment, with the specimen in the jig, is shown 
in Fig. 1. 


5.0 in. per 


Plate Temperature 


The plates were brought to the specified initial tem- 
perature or preheat as follows: 

65° F. Series: The plates were placed into an insulated 
container with a pan of crushed ice, and were cooled by 
air convection to slightly below 65° F. The plates were 
not in contact with the ice and were kept dry during 
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Fig. 2—Welding Jig for Bead-Hardness Weld Specimen 


cooling. When a stable temperature had been attaine: 
the plates were removed to the welding jig as required. 

—20° F. Series: The plates were immersed in , 
shallow insulated pan in a mixture of acetone and sufi 
cient dry ice (COz) to give a temperature of abou 
—25° F. After a cooling time of not less than 10 min 
the plates were removed from the bath, quickly dried 
with a cloth and placed in the welding jig. 

300° F. Series: The plates were heated on a thick stec! 
plate over a gas burner to a temperature of about 332) 
F. The test plate was transferred to the welding jig 
and its temperature checked with a Pyrocon pyrometer 
until it had cooled to 300° F., when the weld was started 

In all cases the elapsed time from the removal of . 
plate from the preheating medium to the start of welding 
was not more than 30 sec. 


Application of Weld Beads 


The test plate was clamped in the welding jig shown 1: 
Fig. 2, with support at the ends, and a */s-in. gap betwee: 
the bottom of the test plate and the base of the jig. Th 
traveling head of the automatic welding machine had 
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uuslv been adjusted to the proper position, with the 
1 electrode inserted. A small ball of steel wool 
laced between the end of the electrode and the 
test plate. Automatic welding was then started, a 
record being made of the current, arc voltage and welding 
time by means of a recording ammeter and voltmeter 
and an electric timer (see Fig. 1). 

Immediately after stopping the weld, the test plate 
was removed from the jig and placed on edge on an as- 
bestos pad in still air. Succeeding plates were placed on 
edge on the same pad, spaced at about one inch to permit 
free circulation of air between the plates. Slag was not 
removed from the welds until the plates had cooled to 
room temperature. 

Except for the initial test-plate temperature, welding 
conditions were the same for all tests. 

Figure 3 shows typical charts of the welding current 
and voltage recorded during the deposition of the test 


beads. 


previ‘ 
weldit 
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Section for Hardness Survey 

Sketches of the specimen with the weld bead and the 
sections for the hardness survey are shown in Fig. 4. 
Section A was used for the hardness survey and for 
examination for cracks. Section B was also examined 
for cracks. The lower part of Fig. 4 shows the locations 
of the Vickers hardness tests, but the method used in 
the hardness surveys will be discussed more in detail 
in a later section of this report. 


Preparation of ITardness Survey Specimens 


The welded plates were thoroughly brushed with a 
wire wheel to remove all adherent slag, and the location 
of the hardness-survey specimen was laid off as shown 
in Fig. 4. The number of the test plate was transferred 
to the hardness specimen and to the remaining ends of 
the test plate before cutting into sections. The hardness 
specimen was rough-sawed from the test plate, using a 
power hack saw and cooling the plate with air or water 
during sawing. 

The cut surfaces of the hardness specimen (sections 
A and B, Fig. 4) were then ground parallel to each other 
and perpendicular to the original test-plate surface. 
Section A of the hardness specimens was finish-ground, 
using three cuts at 0.001 in. and one cut at 0.0005 in. in 
the long (3-in.) direction and one cut at 0.0005 in. in the 
short ('/s-in.) direction. Soft grinding wheels and slow 
cutting feeds were used throughout the surface-grinding 
operation. 

Section A of the surface-ground specimens was then 
hand-polished on Nos. 240, 400 and 600 wet emery paper, 
followed by a wet-wheel polish with medium-fine alu- 
mina. No effort was made to obtain a metallographic 
polish, but all scratches were removed in the region of 
the heat-affected zone which would interfere with accur- 
ate measurement of the Vickers diamond impressions. 

After polishing, section A was inspected for cracks 
(see following paragraph) and then etched with 4% picral 
for about 30 sec., until the fusion line had been dis- 
tinctly brought out and the polished surface sufficiently 
dulled to permit good observation under the reflected 
illumination of the Vickers machine. For some of the 
low carbon steels, a 2% nital etch was used instead of 
picral, since it gave a better indication of the fusion line. 


Inspection for Cracks 


After section A of the hardness specimen had been 
polished, and before etching with picral or nital, the 
surface was inspected at a magnification of 20 X under 
oblique illumination, for cracks in the parent plate 
adjacent to the weld bead. After etching, the inspection 
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SECTION A OF WELD-BEAD HARDWESS SPECIMEN 
Fig. 4- Specimen for Weld-Bead Hardness Test 


for cracks was repeated, before the hardness impressions 
were made. 

When the hardness survey on section A had been 
completed (see description below), the specimen was 
coated with metal lacquer, and section B was then 
polished through No. 600 wet emery paper, with the final 
polishing marks in the short direction of the specimen 
(and hence transverse to the most probable direction of 
cracks). Section B was then inspected for cracks at a 
magnification of 20 X under oblique illumination, before 
and after etching with 2% nital. 

Cracks found in the hardness specimens are indicated 
in the Summary Table 3. In all cases, no cracks were 
found after etching which had not been observed before 
etching. Furthermore, when cracks were found, they 
were present on both sectional surfaces of the hardness 
specimen. 

Vickers Hardness Survey 

The specimen was clamped in a stage which provided 
for movement of the field beneath the Vickers diamond 
in all directions, with an accuracy of about 0.001 in. 

After the intersection between the center line of the 
weld bead and the fusion line had been oriented with 
respect to the Vickers diamond, three vertical lines of 
1.5-kg. impressions were made across the specimen. 
These preliminary hardness tests aided materially in 
locating the region of greatest hardness in the heat 
affected zone. One line of impressions was made co 
incident with the center line of the weld bead; the other 
two lines were made 0.15 in. to the right and left of the 
center line. These 1.5-kg. impressions began in_ the 
weld metal just above the fusion line, and were brought 
down into the parent plate at intervals of 0.005 in. for 
as many impressions as were required to pass through the 
hardest zone (see Figs. 5 and6). No measurements were 
made on the 1.5-kg. impressions. It was possible to 
locate the hardest zone (except in the softest and hard 
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est steels) by the variation in size of the impression, 
when observed under a low-power microscope. 

The true impressions for Vickers hardness, made with 
a 10.0-kg. load applied for 30 sec., were then located to 
pass through or fall on the hardest zone, as indicated by 
the 1.5-kg. preliminary impressions. 

The hardness survey was made on line AB (hori- 
zontal, below weld bead) and on lines CD and EF 
(oblique, below weld bead to either side of center line), 
as shown in Fig. 4 and the typical data sheets, Figs. 5 
and 6. The hardness impressions on these lines were 
spaced at 0.03 in. 

The hardness of the unaffected parent plate was also 
obtained from three readings (G, H and J) made at the 
level of line AB, about 1 in. to the left of the center line. 

The specification required hardness tests along line 
AB (Figs. 5 and 6), but experience showed that the 
maximum hardness frequently was not found in a survey 
along this line only. Asa result, surveys were also made 
along lines CD and EF. 


Results and Discussion 


Summarized data for the 36 steels are given in Table 
3, and the relations of maximum hardness to carbon 
equivalent are shown in Fig. 7. 

Typical weld-bead hardness data are shown in Figs. 
5 and 6. These figures are presented to show more in 
detail the method of making the hardness surveys, and 
they were selected so as to show a specimen (Fig. 5) on 
which the maximum hardness was found in the survey 
along line AB, and another specimen (Fig. 6) on which 
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higher hardnesses were found along the lines CD anq EF 
Examination of the original record sheets shows tha; hoe 
55 of the specimens examined (74), the maximum hard. 
ness was not found in the survey along the line 4B but 
was along CD or EF. Five of the specimens showed n 
differences. In many cases, the difference betw 
maximum found along AB and the higher y 
along CD or ED was not great, however. 

The data recorded in Table 3 are the maximum hard 
ness values regardless of whether or not they were {, und 
on line AB. Likewise, the data used in plotting Fig. 7 
are maximum hardness values. 

The welds were first made with plate temperatures oj 
65° F. After the hardnesses had been determined, th, 
steels were divided into two groups, one with hardnesge: 
below 350 Vickers for welds to be made at —20° P. ang 
the other with hardnesses of 350 Vickers or above {o; 
welds to be made at 300° F. Two steels, W.D. 1060 and 
W.D. X1340 (Lab. Nos. 12 and 19, respectively), wer 
welded at both —20° and at 300° F. Finding of crack: 
in specimens was also a basis for welding at 300° F., by 
in no case was a crack found where the hardness was 
below 350 Vickers; in fact, the minimum hardness 4; 
which a crack was found was 566 Vickers. 

The data in Table 3 make it possible to compare th: 
hardnesses of specimens welded at different plate tem 
peratures 


een the 
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Plate Temperature of 65 vs. —20° F. 


Examination of the data in Table 3 shows that cf th 
22 steels which were tested with plate temperatures oj 
65° and —20° F., 9 showed an increase in maximum 
hardness on lowering the plate temperature, 2 showed 
no difference and 1], 
or half of them, showed 
lower values when the 
lower plate tempera 
ture was used. In 
most cases, the differ 
ence was small and 
within the range which 
might be expected on 
repeating a test. In 
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spaced at 0.03" » ar ‘Viekore the case of W.D. 
at 1045 (Lab. No. 9 
(no readings however, the hardness 
sai with a plate tempera 
ture of —20° F. was 
LINE AB | BASIS METAL significan tly lower 
Potnt |Diag. |Diag.| Av. |V.H.N. Point) Diag.|Diag.| Av. |V.H.N. Point Diag. |Diag.|_Av. VN, (289 V.H.N.) than 
Parr G | 306 | 309 | 307 | 196 when the plate temp 
A | 244 | 243 | 243 | | © | 264 | | 317 | erature was 6) F. 
| 939 | 240 | 239 | 324 | 242 | 240 | 241 | 319 | |_J_| 306 | 304 | 305 | 198 test has been checked 
235 | 236 | 235 | 336 |_D | 238 | 238 | 238 | 327 | by 
|__| 288 | 295 | |__| 240 | 240 | 240 | | ||| 190 | edness found 
| 234 | 234 | 234 | 330 | | 230 | 240 | 230 | 324 | | | was still substantially 
240 | 240 | 240 | | lower than that found 
| 240 | 241 | 240 | 322 |__| 230 | 241 | 240 | 322 a) ae for the plate welded at 
~~ | 24a | | E 234 | 238 | 236 | 65" F. It appears that 
_B | 244 | 248 | 246 | 307 |__| 245 | 243 | 244 | 312 | ness detected is lower, 
| | | | — 241 | 245 | 243 | 314 | in the plate welded 
_F | 240 | 240 | 240 | 322 | at —20° F., than was 
|__| 238 | 234 | 236 | 333 | to be expected. No 
243 | 240 | 241 | 319 | explanation is avail 

The relative hard 
Fig. 5—Typical Data Sheet for Weld-Bead Hardness Survey (Maximum Hardness Found Below Weld nesses of the spec! 
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pr. and at —20° F. are well shown in Fig. 7, where 
the values at 65° F. are indicated by circles and the 
values at —20° F. by triangles. 

It was somewhat unexpected that the maximum 
hardnesses developed with plate temperatures of 65° F. 
chould be as high as those developed with plate tem- 
peratures of —20° F. Harder and Voldrich* had shown 
substantially higher hardnesses for l-in. plates welded 
it 10° F. as compared with the same plates welded at 
s0° F. However, their average values for '/2-in. plates 
were essentially the same for both plate temperatures 
when 3-in. beads were used. Incidentally, they used 
§ x 12-in. specimens which provided four times as 
much mass to absorb the heat as in the case of the pres- 
ent 3 x 6-in. specimen. It therefore appears that with 
this relatively light plate, the heating during the welding 
operation is sufficient to raise the temperature of the 
specimen originally at — 10° F. so that it is not materially, 
if any, more effective in quenching the metal in the 
heat-affected zone than the specimen originally at 65° F. 
lhis may be a criticism of the tentative testing procedure. 
Using a plate of larger size, such as 6 x 12-in., might be 
an improvement but apparently would make only a 
slight difference. 

Plate Temperature of 65 vs. 300° F. 

Using a plate temperature of 300° F. instead of 65° F. 
resulted in substantially lowering the maximum hard- 
ness in all steels tested except W.D. 3250 (Lab. No. 33). 
It will be noted that this steel developed the high hard- 
ness of 642 Vickers under both conditions. The analysis 
showed this steel to contain molybdenum in a significant 
amount, 0.09% by spectrographic analysis and 0.10% 
by chemical analysis. It seems reasonable that the 
hardenability of this steel is so high, or critical cooling 
rate for full hardening is 
so low, that it is fully 
hardened in spite of the 
reduced cooling rate re- 


The effect of increasing the plate temperature from 
65 to 300° F. on the development of cracks was pro- 
nounced. Only one steel, W.D. 3250, developed cracks 
when the plate temperature was 300° F., and, as men- 
tioned earlier, this steel developed a hardness of 642 
even when the plate temperature was 300° F. In 
creasing the plate temperature eliminated cracks in 5 
steels, W.D. Nos. 1340, 2340, X3140, 3145 and 3240. 


Occurrence of Cracks 


Of the 23 specimens (including tests at 65° and 300 
F.) which developed hardnesses above 350 Vickers, only 
7 showed cracks. The minimum hardness at which a 
crack was found was 566 Vickers. Thus it is evident 
that in this method of testing, cracks are much less likely 
to be found than are hardnesses in excess of 350 Vickers. 
A total of 5 specimens showed hardnesses in excess of 500 
and did not show cracks. 


Effect of Grain Size 


Some attention has been given to the relation of grain 
size as shown by the McQuaid-Ehn test, but no signifi- 
cant effects have been noted. Apparently, the relatively 
small variations in grain sizes were of minor significance 
as compared with other variables, particularly carbon 
and manganese. 


Relation of Chemical Composition to Maximum Hardness 
in Weld-Bead Test 


The data in Table 3 show the maximum hardnesses 
and the carbon equivalent, i.e., the carbon plus man 
ganese divided by 6, C + Mn/6. These data have been 
used to construct the graph shown in Fig. 7. Triangles 
are used to designate tests at —20° F., circles for the 
tests at 65° F. and squares for the tests at 300° F 
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Fig. 6—Typical Data Sheet for Weld-Bead Hardness Survey (Maximum Hardness Found at Sides 
of Weld Bead on Lines CD and EF) 
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structures in the specimens welded 

at the two temperatures are shown 
in Figs. 8 and 9. 

These specimens were polished 


and etched under identical condi. 
tions as follows: 


4 | © Polishing and Etching Technique. —Thy 

$ 4 © o-300STEELS | (a) Hand-polished on 240A, 400A and 
} ° O-STEELS 32,33,34 600A wet Tri-M-Ite paper, successively 
Ze | + - DENOTES CRACKS | (b) No. 600X Aloxite in soap solution 
100 70 on a paraffin wheel (1), slow speed (18 
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CARBON EQUIVALENT (c + #2) 


Fig. 7--Relation of Maximum Hardness in Weld-Bead Hardness Tests to Carbon 


Equivalent 


Different notations are used for the carbon steels (Lab. 
Nos. 1-22), the nickel steels (Lab. Nos. 23-25), the 
nickel-chromium steels of the W.D. 3100 series (Lab. 
Nos. 26-31) and for the other nickel-chromium steels. 
Details are shown in the legend of Fig. 7. Tests at 
300° F. are disregarded in the following discussion, but 
the results with plate temperatures of 65° F. and of 
— 20° F. are used without distinctions. 

It is obvious that the hardnesses of the alloy steels are 
well above the values for carbon steels of the same carbon 
equivalents. The hardnesses of the nickel steels (W.D. 
2300) appear to be above those of the nickel-chromium 
steel of the W.D. 3100 series. Insufficient data are 
available for generalizations regarding the 3200 and 
3300 series. 


Table 4—Effect of Plate Temperature on Hardness and 
Microstructure of Carbon Steels 


B.M.I. W.D. Max. Vickers Hardness 
Lab. Steel at Plate Temperatures of 
No. Type 65° F. 300° F 

20 1335 446 339 

21 1340 566 * 421 

22 1350 554 393 
* Cracked. 


It will be noted from the graph that, for the carbon 
steels, there is a trend for most of the values to fall on, 
or close to, line A which corresponds to an increase in 
hardness of about 4 Vickers for each 0.01 increase in 
carbon equivalent. There are, however, points which 
depart widely and appear to be along line A’. Illustra- 
tions of steels which when welded at a plate temperature 
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(c) Coarse alumina (2) in soap solution 
on a paraffin wheel, slow speed. 

(d) Coarse alumina (same as (c) above 
in soap solution on a selvyt wheel, 
slow speed, not more than 5 min. polishing 
time. 

(e) Fine alumina (2) in distilled water on a selvyt wheel, slow 
speed, about 3-4 min.; soap solution added to wheel during last 
minute 


(This polishing technique is a modification of that described by 
Mildred Ferguson in Metal Progress for May 1943.) 

Etching was done by total immersion and swabbing in 1°; picral 
for 45 sec., followed immediately by immersion in absolute alcohol 
for about 5 min. Specimens then rewashed with alcohol and dried. 

(1) 55 paraffin, 35 ceresin, 10 carnauba wax 

(2) Prepared at Battelle 


Asa result of this uniformity in technique, the microstruc 
tures are considered significant and indicative of the 
transformations which took place and probably of the 
development of cracks in one case and the absence of 
cracking in the other. The changes in hardnesses oi 
steels W.D. 1335 and W.D. 1350 are similar. 

Examination of the microstructure shown in Fig. 5 
shows that it consists predominantly of white marten 
site. The junction between the weld metal and the 
base plate is shown at the top of the figure. The crack 
is shown running through the region of maximum white 
martensite. However, this microstructure is not wholly 
white martensite, and this would correlate with the fact 
that this specimen did not develop so high a hardness 
as did steel W.D. 3250 with a hardness of 642 even when 
the specimen was welded at a plate temperature of 
300° F. 

In contrast with the microstructure shown in Fig. 5 1s 
that of this same steel welded at a plate temperature o! 
300° F. and shown in Fig.9. The latter specimen shows 
a much smaller amount of white martensite and tem- 
pered martensite predominates. As in Fig. 8, the weld 
metal is shown at the top of the photomicrograph, and 
it is obvious, therefore, that these two micrographs have 
been taken in comparable positions in reference to the 
heat-affected zone. These observations suggest that 
specimens which show maximum hardnesses along line 4 
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develop microstructures more nearly like that shown in 
rig. 9, While those which show hardnesses along line 
4’ develop microstructures of a type shown in Fig. 8. 


Table 5—Effect of Plate Temperature on Hardness and De- 
velopment of Cracks in Alloy Steels 


BMI W.D. Max. Vickers Hardness 
Lab Steel at Plate Temperatures of 
No Type 65° F. 300° F. 

23 2330 351 274 
24 2340 554 498 
25 3135 578* 548 
28 3140 468 351 
29 3140 536 342 
30) X3140 585* 183 
21 3145 578* 450 
29 3240 585* 164 


3250 642* 642* 


oo 


* Cracked 


Other steels which are of interest in this connection are 
given in Table 5. From examination of these data, the 
rather pronounced differences in the hardnesses de- 
veloped at the different plate temperatures are evident. 
In 4 out of the 5 cases in which cracks developed in weld 
ing with an original plate temperature of 65° F., there 
were no cracks when the plate temperature was 300° F. 
Only in the case of steel W.D. 3250, which developed 
the same hardness (642 Vickers) at both plate tempera- 
tures, were cracks found in both specimens. This is 
interpreted to mean that the critical cooling rate for this 
steel is so low that, even with the plate temperature of 
300° F., full hardness is developed. In the other in- 
stances it is apparent that they follow the same trend 
as that illustrated for steel W.D. 1340, microstructures 
of which are shown in Figs. 8 and 9. Thus it is apparent 
that there is a significant correlation between the mech- 
anism of transformation and the resulting microstructure 
or the tendency to develop cracks, and it is indicated 
that both of these are related or may be related to plate 
temperature which controls the cooling rate in the heat- 
affected zone in the weld-bead hardness test. Obviously, 
welding conditions, such as electrode type and size, 
current and welding speed, are factors which must be 
taken into consideration and the data in the above 
discussion are based upon a specific set of conditions out- 
lined earlier in this paper. 

Only 3 steels of the 2300 series were studied. Ob- 
viously the hardness values do not fall on a straight line 
as a function of the carbon equivalent. However, 
examination of the data in Table 3 shows that W.D. 
2340 (Lab. No. 24) contained 0.12% chromium, while 
W.D. 2340 (Lab. No. 25) contained only 0.05°% chro- 
mium. It seems probable that this difference in chro- 
mium content of these two steels caused the apparent 
irregularity in the hardness values. The trend in the 
hardness values for these nickel steels is such that the 
maximum hardness in the weld-bead test increases about 
¥ to 10 units on the Vickers scale for an increase of 0.01 
in carbon equivalent. Thus not only is the hardness 
curve for these nickel steels well above that for carbon 
steels in the same carbon range or carbon equivalent 
range, but the slope of the curve is much steeper. 

Six steels of the 3100 series were studied (Lab. Nos. 
26 to 31). There appears to be some inconsistency be- 
tween the hardnesses of steels W.D. No. 3115 and 3120 
with carbon equivalent of 0.26 and 0.29, respectively, 
because their hardnesses were approximately the same 
(284 and 287). However, on examining the analyses 
(Table 3) it is found that W.D. 3115 had Ni 1.26% and 
Cr 0.65%, while W.D. 3120 had only Ni 1.19% and Cr 
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Fig. 8—Microstructure of Heat-Affected Zone of W.D. Steel 
1340 with Original Plate Temperature of 65° F. Shows Weld 
Metal, Crack and Preponderance of ‘White’ Martensite 


Mag. 300 x 


Fig. 9—Same as in Fig. 8 But with Original Plate Temperature 
of 300° F. Shows Weld Metal, Absence of Cracks and Small 


Amount of ‘‘White’’ Martensite 


Mag. 300 
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0.59%. It is evident that W.D. 3115 was higher in 
both the alloying metals and that difference in com- 
position was responsible for the apparent irregularity in 
the relation of hardness to carbon equivalent. An 
analogous relation is found for W.D. steels 3140 and 
X3140 which had the same carbon equivalents, but W.D. 
X3140 developed a hardness of 536 as compared with 
only 468 for W.D. 3140. Again the analyses show that 
W.D. X3140 contained 1.31% Ni and 0.69% Cr as com- 
pared with only 1.16% Ni and 0.56% Cr in W.D. 3140. 
Thus the alloy content of these steels is indicated to be 
quite significant. 

The trend of the hardness of these nickel-chromium 
steels as a function of the carbon equivalent indicates 
an increase in maximum hardness of about 12 Vickers 
for 0.01 carbon equivalent. Thus, while the hard- 
nesses of the nickel-chromium steels (series 3100) in a 
given range in carbon equivalent are lower than for the 
nickel steels (series 2300), the slope of the curve for the 
former is steeper. 

Two steels of the 3200 series and one of the 3300 series 
were tested, but the data are considered too meager for 
any generalizations. 


Conclusions 


Weld-bead hardness tests have been made on the 


34 W.D. steels following the procedure of the Tentatiy, 
Test of the A.W.S. Details have been given as to .y 
of the operations in forging and normalizing the steek 
and as to the deposition of bead, preparation of speci 
mens, making hardness surveys and examination for 
cracks. The “..a have been summarized, and import 
ant aspects hz . > been discussed. 

The relatigt. of maximum hardness developed jy the 
heat-affected one to the carbon equivalent C + \y/ 
has been shov 1 by a graph and by the discussion. 

For the stecis studied, lowering the plate temperatyy, 
from 65 to —20° F. had little or no effect on the may; 
mum hardness and in no case caused cracking. On th, 
other hand, raising the plate temperature from 65 ¢, 
300° F. had a pronounced effect on the maximum hard 
ness and eliminated cracks in 5 out of 6 of the steels 
which developed cracks when the plate temperature wa 
65° F. 

Under the testing conditions used, a specification 
limiting the maximum hardness in the heat-affected zo, 
appears to be much more severe than one specifying 
freedom from cracks because the minimum hardness a} ‘| 


which a crack was found was 566 Vickers. 
A limited amount of work has been done on the rela 


Reviews of Recent Foreign 
Welding Literature 


EpitorR1AL Note—The Welding Research Council is un- 
able to obtain current foreign welding Literature and these 
abstracts are taken from the Welding Literature Review 
published by the Institute of Welding. 


THE CAUSES OF THE FISSURE-FORMATION TENDENCY 
IN WELDED CR-MO_ SrrvucruRAL STEELS. Ill. 
Stahl und Eisen, vol. 62, 1942, June 25, pp. 540-545. 


Notched-bar impact tests at high temperatures have 
revealed that steels with a tendency to fissure-formation 
on welding are brittle at temperatures above 1300—1350° 
C.; this is characterized by the formation of intercrystal- 
line cracks. In the paper the author describes experi- 
ments carried out at the Institute Scientifico-Tecnico 
Ernesto Breda with electrical apparatus developed by 
himself. The object was to determine, by tests on weld 
beads 10 mm. long, the temperature at which cracks 
formed. From the results of many tests it was found 
that cracks formed most frequently in the 1350-1000° C. 
range, the point of maximum frequency being 1275° C., 
which was a little below that established by impact tests. 
With longer beads the cracks formed at lower tempera- 
tures. This shows that, after welding, the material 
passes through a temperature range in which embrittle- 
ment takes place, and this, of course, is detrimental be- 
cause microcracks form in this range which, on further 
cooling, increase in size owing to the occurrence of inter- 
nal stresses. The oxygen content is the principal fac- 
tor governing the fissure-formation tendency. The 
tests described were made with steels containing about 
0.3% C, 1% Cr and 0.25% Mo, and the author worked 
out the factor 200 XK % O2. + 60 KX %S — 3 K % Mn, 
the value of which varies directly with the fissure-forma- 
tion tendency of these steels. (Abstracted in Bull. of 
the Iron and Steel Inst., 1942, Nov., p. 18A.) 
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tion of microstructures to maximum hardness and the plain 
development of cracks, which in turn may be correlated ing u 
with original plate temperatures or more particularly == 
with critical cooling rates. 
an¢ 
The 
Carn 
for t 
THE Errect OF NOTCHES AND INTERNAL STRESSES 
THE FATIGUE STRENGTH OF WELDED JoINTs. 
Autogene Metallbearbeitung, vol. 35, 1942, Feb. 15, & lurg 
pp. 49-56. The 
The authors describe visible and invisible notches of 1 
which sometimes occur on the surface of welds at the NA 
junction of the weld metal and parent metal, often dw stee 
to using too high a current for welding. They also de T 
scribe an investigation of the effect of these notches and of in | 
internal stresses on the fatigue strength of the joint stee 
As a rule too much apprehension exists about the effect mat 
of internal stresses. In mild steel the reduction in fatigue J gre 
strength which they cause is about 10-15%. In high the 
tensile steels it more than this, and for a weld subjected rig] 
also to external stress the reduction may exceed 30°, as | 
Internal stresses are dangerous only when it is necessary is t 
to weld while the structure is subjected to external stress cor 
This difficulty may be overcome by designing the struc: J car 
ture with some elasticity. Multiple tube joints with sev. J pe 


eral welds in one place should be avoided, or a stress con 
centration may be prevented at such places by applying 
heat at another spot so as to create compression stresses 
at the joint while welding is in progress. (Abstracted in 
Bull. of the Iron and Steel Inst., 1942, Dec., p. 57A.) 


nn 


NON-DESTRUCTIVE TESTING FOR AUTOGENOUS WELDING co 
AND HARDENING. Ill. Awutogene Metallbearbeitung la 
vol. 34, 1941, July 15, pp. 225-233. fr 
The author reviews the application of X-ray and mag S] 

netic-powder methods of examining welded and hard F “ 

ened steel parts, pointing out their limitations. A st 


method of obtaining contact prints of a surface which has 
been examined by the magnetic powder technique is de 
scribed. A white, fine-grained absorbent paper is care 
fully moistened on one side and pressed with the fingers 
over the metal surface with the drier side down. Ii the 
paper has been carefully prepared it will make contact 
with all the hollows and ridges in the metal surface, suc 
- (Continued on page 483-s) 
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By W. F. Hess and D. 


Summary 


HIS report describes the development of optimum 
welding conditions for the spot welding and 
tempering within the welding machine of three 
plain carbon steels of increasing susceptibility to harden- 
ing upon rapid cooling. The investigation was carried 
on in the laboratories of the Rennselaer Polytechnic In- 
stitute under support from the Welding Research Council 
and the Resistance Welder Manufacturers’ Association. 
The steel was furnished through the courtesy of the 
Carnegie-Illinois Steel Corporation. The agreements 
for the furnishing of this steel were made between Dr. 
F. R. Hensel, Chairman Subcommittee on Spot Weld- 
ability of Air Hardening Steel, Resistance Welding Re- 
search Committee, and Dr. C. F. W. Rys, Chief Metal- 
lurgical Engineer, Carnegie-Illinois Steel Corporation. 
The work is a continuation of previous investigations 
of the spot welding of hardenable low-alloy steels, 
NAX 9115 high-tensiie steel and S.A.E. X-4130 
steel. 
This investigation showed that remarkable increases 
in physical properties are possible for all three of the 
steels investigated. The beneficial effect of the auto- 
matic tempering within the spot welding machine is 
greatest with the steel of high carbon content. Even in 
the steel of low carbon content the tension strength at 
right angles to the sheet surface, referred to hereafter 
as the U-strength, because of the shape of the specimen, 
is tripled by the tempering treatment. In the as-welded 
condition the shear strength decreases with increasing 
carbon content. However, when these spots are tem- 
pered in the welding machine the shear strengths increase 
with carbon content paralleling the increase of strength 
produced in the steel by the increased carbon content. 
In the case of the most hardenable S.A.E. 1045 steel, the 
shear strength is tripled by means of tempering and the 
strength at right angles to the sheet in tension is in- 
creased approximately ten times. The investigation 
confirms the results of previous investigations in this 
laboratory that tempering frees the spot welding process 
trom the limitations imposed by the metallurgical re- 
sponse of hardenable steels. It should be noted that 
even in the steel with 0.48 carbon, spot welds of excellent 
Strength have been produced. 


Introduction 


In view of the success obtained in previous investi- 
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.determine the extent of improvement possible in a 


C. Herrschaft' 


gations of the tempering of spot welds, it was felt by the 
committee guiding this investigation that a survey 
should be made of a series of plain carbon steels to 


variety of these steels. Since the work was intended to 
compare and determine the extent of improvement 
possible in these steels, specimens were welded and 
tested both in the as-welded condition and also in the 
tempered condition. Although most of the attention 
in recent years has been directed to alloy steels when 
high strength was under consideration, it was felt that 
the use of plain carbon steel might find an important 
field if the spot welding of these materials were possible. 
High strength may be obtained with plain carbon steels 
either by increasing the carbon content or by cold rolling. 
In the present investigation the ¢ffect of increasing the 
strength of steels by additional carbon is studied. 
Further investigations in the future may be directed to 
a combination of some increase in carbon content and 
additional increase in physical properties produced by 
cold work. Some spot welding of high carbon steels 
has been done by preheating the sheet before welding 
but this method is cumbersome at its best and leads to 
greatly reduced electrode life. When ordinary spot 
welding technique is applied to high carbon steels the 
drastic quenching action of the electrodes produces a 
brittle martensitic structure in the weld with resultant 
poor mechanical properties. The object of this investi 
gation has been, therefore, to further apply the quench 
and temper method which was so successfully used to 
produce tough, ductile welds in NAX 9115X and S.A.E. 
X-4130 steels. This technique consists of making a 
weld in the conventional manner, followed by a brief 
timed interval to allow the weld to quench to the mar 
tensite-forming temperature. This is immediately fol 
lowed by a single pulse postheat current of short duration 
which reheats the weld to just below the austenitizing 
temperature and tempers the brittle martensitic struc 
ture by allowing precipitation of some of the carbides 
found in supersaturated solution in the as-quenched 
condition. 


Material 


The grades of steel investigated, together with their 
chemical analyses and physical properties, are shown 
in Tables 1 and 2. 

These steels were supplied in the hot-rolled condition 
with a commercially pickled surface. Prior to welding 
the material was degreased in a trichlorethylene vapor 
tank. 
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Table 1—Ladle Chemical Analyses 


Element S.A.E. 1020 S.A.E. 1035 S.A.E. 1045 
Carbon 0.21 0.31 0.48 
Manganese 0.46 0.79 0.79 
Phosphorus 0.008 0.012 0.009 
Sulphur 0.025 0.026 0.022 


Table 2—Physical Properties 


A.S.T.M. 
S.A.E. Vield, Ultimate, % Elongation Grain 
Grade Psi. Psi. in 2 In. Size 
1020 46,000 66,000 28 8 
1035 57,000 87,000 22 9-10 
1045 70,000 110,000 12 7 
Equipment 


Since the welding and heat treating cycle used in this 
investigation was new, it was necessary to adapt commer- 
cial equipment for the purpose. This was done by com- 
bining a standard electronic spot welding panel equipped 
for pulsation welding, with another standard spot weld- 
ing panel arranged to accomplish the postheat treat- 
ment. The first panel timed the spot weld and the 
cooling interval between welding and tempering. A 
relay then transferred control to the second spot welding 
panel which controlled the time and magnitude of the 
postheating current. Independent adjustment of the 
welding and heat treating currents was provided by the 
phase shift controls on the two panels. The first two 
timing intervals were controlled by the first panel and 
the second timing interval by the second panel. AI- 
though it was necessary when this investigation was 
performed to make this special adaptation of equipment, 
it is now possible to obtain electronic control equipment 
including the three timing intervals and the two phase- 
controlled current intervals required by this type of 
welding. 


Scope 


The same optimum conditions of electrode tip size, 
unit electrode pressure and welding time, which were 
established during the investigation on S.A.E. X-4130, 
were used during this investigation on the S.A.E. plain 
carbon steels. In order to secure the same size weld in 
these steels changes in the welding current had to be 
made for each steel due to the different resistivities. 
The scope of this investigation included a complete survey 
of the effects of the timed interval between welding and 
heat treatment. The time of heat treatment and the 
heat treatment current required on the three S.A.E. 
grades 1020, 1035 and 1045, were also investigated. 


Procedure 


The spot welds made in this investigation were evalu- 
ated by the methods suggested by the Resistance Welding 
Committee of AMERICAN WELDING Society. These 
are described in the Welding Research Supplement.‘ 
Briefly, this consisted in making shear strength speci- 
mens by welding together two pieces of stock 1 x 4-in. 
with a l-in. overlap and a single-spot weld placed at 
the center of the overlap. In addition to the single-spot 
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lap weld specimens, U-type tension specimens were 
welded as a measure of the strength at right angles ;, 
the sheet surface. It will be recalled that this specime, 
gives a very good indication of the ductility of the . 
weld. In this connection the ductility is often X pressed 
as the ratio of the U-strength to the shear strengt, 
The higher the U-strength, the greater will be ty, 
toughness of the spot-welded joint and its resistance ; 
ripping or tearing. The U-specimen is tested by beng 
ing it around a properly shaped 2-in. square dic, ay¢ 
attaching it by means of a '/2-in. through bolt. The die: 
are then suspended in the testing machine for pulling. 

Although the principal evaluation of the specimey 
was by means of comparative shear strength and [ 
strength in the as-welded and tempered condit; 
some tests were also made of the impact strength of the 
spots using single-spot lap-weld shear specimens tested 
in tension impact. These tests also showed the decided 
superiority of the tempered specimens. ‘The resistancg 
to fracture of welds in the higher carbon steels was ex. 
tremely low in the as-welded conditions, but the heat. 
treated specimens absorbed sufficient energy to be 

roperiy evaluated on the equipment available. Thy 
umpact testing equipment consisted of a pendulum ty; 
machine adapted with sheet tension grips of sufficient 
size to accommodate '/s-in. thick and 2-in. wide spec; 
mens. The standard pendulum gives an impact energy 
range of either 110 or 220 ft.-lb. By means of a special 
lightweight pendulum, 30 and 60 ft.-Ib. ranges are also 
available with this equipment. The results of this type 
of test give further substantiation of the beneficial effect 
of tempering spot welds in the welding machine. 


Dot 


ons 


Welding Procedure 


It was determined in this and in previous investigations 
that 6 cycles represent about the best time for making 
the weld in 0.040-in. material. When postheat treat 
ment such as tempering is contemplated, it is of course 
necessary to allow the weld metal and the metal ad- 
jacent to the weld which has been heated into the 
austenitic region, to cool to the martensite-forming 
temperature. In other words, it is necessary to quench 
before the tempering operation. If quenching is not 
allowed to proceed to a temperature below that of mar 
tensite formation, the subsequent heat treatment will 
result only in reheating the austenite and little, if any, 
beneficial effect will be observed. It was desired first, 
to study the effect of the time of tempering upon the 
possible beneficial effect. Before commencing this 
study it was therefore necessary to conduct preliminary 
tests to determine the time required for a 6-cycle weld to 
cool below the martensite-forming temperature. Seven 
teen cycles of a 60-cycle system were found to be ample 
for this purpose in the case of S.A.E. 1020 steel. Six 
cycle welds were then made with 17 cycles allowed be 
tween weld and beginning of application of heat treat 
ment. Various heat-treating currents were tried until 
the value which gave the best results was determined 
The optimum heat-treating current here selected was 
based upon the fact that insufficient heat-treating cur 
rent does not raise the temperature sufficiently high to 
produce maximum beneficial effect of tempering. On 
the other hand, too high a heat-treating current raises 
the temperature above the austenitizing temperature 
and rehardening occurs, with the result that the strength 
at right angles to the sheet again diminishes very appre 
ciably. In order to minimize the number of U-type 
tension tests which must be made in order to determine 
the proper heat-treating current for each different value 
of heat-treating time, use was made of a chisel test. A 
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Fig. 1 


Strength Curves Showing That Equally Satisfactory 
Results May Be Obtained with from 2 to 20 Cycles of Heat 
Treatment, and Currents Required to Secure the Best Temper- 
ing Effect at Each Time of Heat Treatment. S.A.E. 1020 Steel 


Fig. 2—Hardness Surveys Corresponding to Points in Fig. 1. 


S.A.E. 1020 Steel 
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number of welds were made by successively varying 
the magnitude of the heat-treating current and these 
were broken apart by means of a cold chisel, the end of 
the specimen being clamped in a vise. In this way a 
close approximation to the proper value of heat-treating 
current could readily be obtained, since the improperly 
heat-treated welds were very much more brittle, and 
broke apart easily. On the other hand, welds which 
had been properly tempered were broken apart only 
with great difficulty, thus exhibiting their marked 
superiority in toughness. 


Results and Discussion 
S.A.E. 1020 


After determining the approximate quenching time 
and approximate values of heat-treating current, as 
described above, careful studies were made to determine 
the effect of different times of heat treatment. This 
study included times of heat treatment between 2 cycles 
and 20 cycles. The results of these tests are summar- 
ized in Fig. 1. In this graph the as-welded values of 
U-strength and shear strength are plotted on the axis of 
zero time of heat treatment, and connected to the rest 
of the curve by means of dotted lines. It will be noted 
in this steel that the as-welded U-strength rises from 360 
lb. to approximately 1200 Ib. when the spot welds are 
tempered. There is also some beneficial effect on the 
shear strength, this value rising from about 1550 Ib. to 
about 1720 Ib. It is of interest to note from this graph 
that the full benefit of the tempering cycle can be ob- 
tained in as little as two cycles. However, it will be 
noted that 117% of welding current is required to ac- 
complish tempering in two cycles. It, therefore, ap- 
pears more logical to select a time of heat treatment 
approximately the same as the weld time or in this case, 
cycles. With a 6-cycle heat treatment, the current 
need be only about 88% of the welding current. 

Figure 2 shows hardness surveys across transverse 
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SPOT WELDING CARBON STEELS 
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sections through the spot welds represented by the con- 
ditions of Fig. 1. It will be noted that the as-welded 
hardness of these welds is in the vicinity of 400 Vickers 
whereas tempering has reduced the hardness in all cases 
to the vicinity of 250 V.P.N. Thus, not only are the 
strengths practically constant at all values of heat- 
treating time, as shown in Fig. 1, but also the hardnesses 
are reduced to the same extent by all of these different 
heat-treating times. The current required to produce 
the tempering is, of course, higher as the tempering time 
is shortened, as shown in Fig. 1. 

After determining that the time of tempering was not 
too important or critical, it was decided to investigate 
more carefully the requirement for cooling time between 
weld and heat treatment. Six-cycle welds were made 
and a 6-cycle heat treatment was used for this part of 
the investigation. A series of welds were then made by 
varying the number of cycles between weld and heat 
treatment. Figure 3 indicates that 16 cycles are neces- 
sary for best results. The curve of U-strength strikingly 
illustrates the necessity for sufficient time of cooling be 
tween the completion of the spot weld and the subse 
quent postheat treatment. Since the time between weld 
and heat treatment is not critical for values beyond the 
minimum necessary to secure beneficial results, it is 
also safer to allow about two cycles longer than the 
minimum for this time. Although there is some benefit 
in shear strength produced by the tempering operation, 
this figure strikingly illustrates the benefit of testing 
the U-type specimens in which the welds are stressed 
at right angles to the sheet surfaces. The U-tension 
test gives a clear indication of the toughness of the metal 
at the edge of the weld zone. Figure 4 illustrates hard 
ness surveys for the welds represented in Fig. 3. Curve 
l represents the as-welded condition in which high 
hardness extends out into the heat-affected zone ad 
jacent to the weld. Curve 2 indicates that the heat 
affected zone has been cocled sufficiently to permit some 
tempering to take place. However, there is a high 
hardness gradient across the junction between the weld 
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Fig. 3—Strength Curves Showing Importance of Minimum 
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Fig. 4—Hardness Surveys Across Weld Section Near Interface, 
Corresponding to Points in Fig. 3, Showing Necessity of 
Adequate Quenching to Permit Effective Tempering. S.A.F 
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tha 
and the heat-affected metal. This represents a very ment, it was next decided to investigate the amount o’ > 
unsatisfactory case from the standpoint of weld tough- heat-treating current required to produce the best P : 
ness. Curve 3 indicates that the outer portion of the tempered spot welds. Figure 5 illustrates the results oj pin 
° 
weld, as well as the heat-affected zone, has been cooled this study. It is noted that satisfactory tempering can W 
sufficiently to permit tempering, but that the center be obtained for ratios of heat treat to weld current be oR 
portion of the weld has not been cooled to a sufficiently tween 84% and 92°, the maximum U-strength being “en 
low temperature to permit complete tempering.’ Curve obtained at a heat treat to weld current ratio of 88°. M 
4 of Fig. 4 illustrates the properly tempered weld. This represents a satisfactory range to permit adjust ss 
After determining that with 6-cycle welds and a 6- ment of welding machines in production. Figure 6 cs 
cycle heat treatment, 16 cycles was the minimum time illustrates hardness surveys across transverse sections in 
which could be allowed between weld and heat treat- of the spot welds represented in Fig. 5. Itistobenoted Fo 
| 
al 
Sk ae Fig. 5—Strength Curves Showing Range of Heat-Treat Current re 
| 6 GYCLE WELOS— 6 CYCLE HEAT TREAT in Which Effective Tempering May Be Produced. S.A.E. 1020 - 
1S CYCLES BETWEEN WELD & HEAT TREATMENT Steel : 
4 ELECTRODE DIAMETER Fig. 6—Hardness Surveys Corresponding to Points in Fig. 5, v 
Showing That Currents Below the Optimum Range Produce 
| 
2 t . Incomplete Tempering, Whereas Currents Above the Opti- ‘ 
| _ [SHEAR mum Range Produce Rehardening. S.A.E. 1020 Steel 
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- 
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: . Fig. 7—Strength Curves Showing That Equally Satisfactory 
dite i, a Tempering May Be Secured with Times of Heat Treat t 
CTR ea reatmen 
- 6 CYCLE WELDS % ELECTRODES from 6 to 20 Cycles, and Currents Required to Produce Best 
—_ ~ 24 CYCLES BETWEEN —{'20 Tempering Effect at Each Time of Heat Treatment. S.A.E. 
| WELD AND HEAT TREATMENT 1035 Steel 
— Ke SA£. 10385 71 Fig. 8—Hardness Surveys Corresponding to Points in Fig. 7. 
| 
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4 — w a : 4 
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> w = 
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20 0 004 008  o20  o24 
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DISTANCE ACROSS WELD — INCHES 
Fig. 7 Fig. 8 
that curve 2 for the case of 85% heat treat to weld value of heat-treat current. It is noted in Fig. 7 that 


current shows that appreciable tempering has taken 
place. However, curves 3 and 4 indicate that temper- 
ing has proceeded further. In these two cases, with 88% 
and 92% heat-treat current, the best results are obtained. 
When the heat treat to weld current ratio is increased to 
98.5%, curve 5 indicates that appreciable rehardening 
has taken place. In this case the shear specimens show 
a slight falling off but the U-strength specimens show a 
very marked falling off in strength, dropping in this 
case to about 1240 Ib. from 1630 Ib., with this increase 
in heat-treat current. It appears from the results of 
Figs. 5 and 6, that the most effective tempering occurs 
at a value of heat-treat current which is just below that 
required to produce reaustenitization. This is in accord 
with good metallurgical principles. It is noted in these 
studies that the hardness surveys correlate very well 
with the physical test results. 


S.A.E. 1035 


In the preliminary studies with this composition it 
became evident that a longer quenching time was neces- 
sary between welding and heat treatment. This is due 
to the fact that the higher carbon content lowers the 
martensite-forming temperature. Thus a longer time 
must be allowed for the molten weld to cool to the 
martensite-forming range. After determining the ap- 
proximate time required between welding and tempering 
to be 24 cycles, a study was made of the effect of time 
of heat treatment. A series of welds were made at 
each time of heat treatment by varying the heat-treating 
current, until the maximum properties were secured. 
The results of this study are plotted in Fig. 7, together 
with the currents required to accomplish the best heat 
treatments. It appears from this study that the full 
benefit of heat treatment in improving the U-strength is 
not secured until a time of 6 cycles is used. This is 
contrary to previous experience and may be due to in- 
sufficient experimental work at the shorter times of heat 
treatment. It had previously been decided that a 
minimum time of heat treatment of 6 cycles was prefer- 
able from the standpoint of consistency and reasonable 
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there is a significant improvement even in shear strength 
when the carbon content reaches 0.31, as in this steel. 
The as-welded shear strength of 1230 Ib. is improved to 
about 2000 Ib. by the tempering treatment. Under the 
same conditions, with a 6-cyclesheat treatment the U 
strength is increased from approximately 230 Ib. to 
slightly more than 600 lb. Figure 8 shows the hardness 
surveys corresponding to the conditions represented in 
Fig. 7. Curve 2 indicates that the heat-treat current 
selected for this case may have been slightly too high 
causing the beginning of rehardening, evident in the 
central portion of the weld area. Curve 3 1 lustrates 
the same effect although to a much lesser extent. It is 
interesting to note that all of the best heat-treated welds 
are tempered to within the same narrow region of hard 
ness represented by the shaded area of curve 4. 

Figure 9 presents the results of a study of the time 
required between weld and heat treatment for S.A.E. 
1035 steel. It appears from this study that more cooling 
time is required to bring up the U-strength than is re- 
quired to improve the shear strength of this steel. The 
effect may be related to the fact that the longer cooling 
time permits a greater reduction in the amount of resid 
ual austenite and a higher percentage of martensite to 
be tempered. The hardness curves of Fig. 10 do not 
shed much light on this phenomenon. There appears 
to be only a small reduction in hardness from a cooling 
time of 14 cycles to a cooling time of How 
ever, in this range of cooling time Fig. 9 shows that there 
is a great increase in the U-strength of these specimens. 
This appears to be one of those cases of mixed metal 
lurgical structure in which differences in toughness are 
out of proportion to that which may be expected from 
the differences in hardness. Curve 2 of Fig. 10 illus 
trates the effect of insufficient cooling time. In this 
case the outer portion of the weld has cooled sufficiently, 
to the martensite-forming range, to permit tempering 
to take place. 

As a result of studies which showed that a 6-cycle 
heat treatment with 20 cycles between weld and heat 
treatment would give excellent results, it was decided 


20 cycles. 
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to study further the effect of different magnitude of 
heat-treat current, in order to establish the range in 
which it would be necessary to operate for best results. 
Figure 11 illustrates the result of this study. It shows 
that for the maximum benefit from tempering under the 
specified conditions of weld and heat-treat time cycles, 
the heat-treat current must be between approximately 
88°, and 94°% of the weld current. This represents a 
somewhat narrower range than was found to be neces- 
sary in the case of the lower carbon S.A.E. 1020 steel. 
It, therefore, appears necessary to control the current 


for tempering within narrower limits for the S.A.E. \() 

steel. However, these limits are still sufficiently wi 
to make the process practicable in production. Figur 
12 shows hardness surveys corresponding to the point: 
in Fig. 11. It appears that the low values of strength 
shown at approximately 80° heat-treat current are du 
to inadequate tempering produced by insufficient cur 
rent, since the hardness in this case is not reduced muc! 
below that of the as-welded specimen. On the othe 
hand, when the heat-treat current is 97% of the wel’ 
current, curve 6 shows that the weld has been complete!) 


Fig. 11—-Strength Curves Showing Range of Heat-Treat Cur- 


| 6 CYCLE WELDS—6 CYCLE HEAT TREAT | rent to Produce Effective Tempering of 6-Cycle Welds, Using 
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Fig. 12—-Hardness Surveys Corresponding to Points in Fig. 11, 
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Fig. 13—Strength Curves Showing That Almost Equally Satis- 


for 6. 6 CYCLE WELES ~ %y SLECTRORES factory Tempering May Be Secured with Times of Heat Treat- 
25 CYCLES BETWEEN ment Between 2 and 20 Cycles, in 0.040-In. S.A.E. 1045 Steel, 
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: Welded Structure to the Tempered Spot Weld. S.A.E. 1045 
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ly wide 
Figure rehardened by this heat-treat current. This accounts time of heat treatment was studied. Figure 1% illus 
points for the very great reduction in both shear strength and trates the results of this study together with the current 
trength U-strength at this value of heat-treat current. It is ratios required for the different times of heat treatment 
ire duc apparent from these results that successful tempering As in the case of the steels prevfously discussed in this 
at cur requires the maximum possible temperature below the report, the full benefit of the tempering operation was 
| muc! rehardening range. obtained in a little over 2 cycles. For reasons pre 
other ° AK. 1045 viously mentioned, a heat-treating time of 6 cycles 
e wel J.44 Le. LUPO was selected. Under this condition a heat-treat current 
pletely After preliminary studies indicated that 25 cycles of 90%) of the weld current was found to be sufficient 
were sufficient between weld and heat-treat current, the For this steel, having a carbon content of 0.48°),, temper 
peasy T T T T T : 
g |_| 6 CYCLE WELOS—6 CYCLE HEAT TREAT Fig. 15—-Strength Curves Showing Importance of Minimum 
] 4 ELECTRODE DIAMETER Quenching Time Between Weld and Heat Treatment for 6-Cycle 
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ing produces a very marked increase in shear strength 
as well as in U-strength. The shear strength is raised 
from nearly 900 Ib. to almost 2300 lb. The U-strength 
is raised from about 100 Ib. to more than 900 Ib. by 
tempering. This indicates a remarkable increase in 
toughness for spot welds in this relatively high carbon 
steel. Figure 14 illustrates the marked reduction in 
hardness resulting from tempering. The as-welded 
hardness of 750 Vickers is reduced to less than 400 
Vickers by the tempering treatment. 

After determining that a 6-cycle weld followed by a 
6-cycle heat treatment would be satisfactory for spot 
welds in S.A.E. 1045, a careful study was made of the 
time which must be allowed between welding and heat 
treatment. Figure 15 illustrates the results of this study. 
It is apparent that with this steel a minimum of 22 
cycles must be allowed between welding and tempering. 
It will be noted that this is longer than the time re- 
quired in the case of the lower carbon steels of this in- 
vestigation. As in the case of S.A.E. 1035, there is also 
here an indication that slightly longer time is required 
to bring up the maximum benefit of tempering on the 
U-strength, as compared with the shear strength. How- 
ever, the effect in this case appears to be less pronounced 
than in the case of the S.A.E. 1035. As in the previous 
cases, there is indicated a definite minimum in the time 
between weld and heat treatment but no critical maxi- 
mum time. The curves of Fig. 16 illustrate the effect 
of successively longer cooling times in allowing more 


—_— As Welded— — —Heat Treated 
Shear Shear 

Strength U-Strength Impact Strength U-Strength Impact 
per Spot, per Spot, per Spot, per Spot, per Spot, per Spot, 

Grade Lb. Lb. Ft.-Lb. Lb. Lb. Ft.-L! 

S.A.E. 1020 1500-1600 350-370 6.5-8.0 1650-1750 1100-1200 14.5-1' 
S.A.E. 1035 1200-1260 210-250 3.5-5.5 1900-2000 600-700 21.0-22.0 

S.A.E. 1045 870-890 80-120 1.52.0 2450-2550 800-900 11.5-13 
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Fig. 17—Strength Curves Showing Range of Heat-Treat Current 
to Produce Effective Tempering, S.A.E. 1045 Steel, 0.040], 
Thickness 


Fig. 18—Hardness Surveys Corresponding to Points in Fig. ]7 

Showing Incomplete Tempering for Currents Below the 

Optimum Range and Rehardening for Currents Above the 
Optimum Range. S.A.E. 1045 Steel 
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of the weld area to drop below the martensite-forming 
range, thus permitting tempering to proceed. Curve ? 
shows that only the outer portion of the weld and heat 
affected zone is allowed to drop below the martensite 
forming range in a time of 16 cycles. On the other hand 
curve 5 shows that with 22 cycles sufficient time has been 
allowed to permit the entire weld area te drop below the 
martensite-forming range and be tempered by the post 
heat current. 

After determining that 6-cycle welds followed by a 
6-cycle heat treatment, with 25 cycles cooling time be 
tween weld and heat treatment, were satisfactory for 
S.A.E. 1045 steel, the effect of varying the magnitude 
of the heat-treat current was investigated. Figure 17 
illustrates the results of this study. It will be noticed 
that a magnitude of heat-treat current between 85°; and 
90% of the weld current will give the best tempering 
effects. The range of satisfactory heat-treat current 
in the steel S.A.E. 1045 is only slightly narrower than 
that found for the steel S.A.E. 1035. It is interesting 
to observe again the tendency for higher carbon content 
to result in a slightly narrower range of satisfactory cur 
rent for heat treatment. However, even with 0.45 
carbon as was present in this steel, a satisfactory range 
of adjustment for current is possible, which is sufficiently 
wide to permit its use in production. Figure 18 shows 
the hardness surveys across weld sections corresponding 
to the conditions represented in Fig. 17. It is noted 
that when the heat-treating current is 76.5% of the weld 
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140. 
" Table Summary of Test Results for Spot Welding N.A.X. 9115, Annealed and Half Hard, and S.A.E. X-4130, 0.040-In. 
Thickness, from Previous Investigation* 
g.] 
tk As Welded Heat Treated 
e the Shear Shear 
: Strength U-Strength Impact Strength U-Strength Impact 
per Spot, per Spot, per Spot, per Spot, per Spot, per Spot, 
he Grade Lb. Lb. Ft.-Lb. Lb Lb Ft.-Lb 
NAX 9115 2000-2100 580-620 2000-2100 1250-1300 
WAX Q115 2500-2600 640-660 2500-2600 1250-1300 
cs AE. X-4130 1100-1160 140-160 2.0-2.5 2600-2700 750-850 10.0-12.: 
1-60 
3 * See References at end of article. 
§ — : 
+ ~~453 Table 5—Recommended Conditions for Spot Welding S.A.E. 1020, 1035 and 1045, 0.040-In. Thickness 
] 1020 1035 1045 
Flat electrode diam., in. 1/, \/, 1/, 
i , Electrode shape 30° bevel 30° bevel 30° bevel 
| ]~%0 Unit electrode pressure, psi 30,000 30,000 30,000 
' {~25 Corresponding total electrode force, Ib. 1473 1473 1473 
ie Weld time, cycles 6 6 a 
Weld current, amp. 15,800—16,200 14,000-—14,400 13,600-14,000 
Time between weld and heat treatment, cycles 17 20 24 
Time of heat treatment, cycles 6 6 6 
036 Heat-treatment current, amp. 14, 100—-14,700 12,600- 13,200 11,900-12,400 
Heat-treat current, % of weld current 88-92 89-93 86-90 
Distortion ratio 1.04-1.06 1.03-1.05 1.10-1.13 
Per cent indentation 5.0-7.0 2.5-3.0 1.0-1.5 
Spot diam., in. 0. 220-0 . 240 0.210-0. 230 0. 200-0. 220 
forming Type failure Ductile tear Ductile tear Ductile tear 
Curve 2 — — 
heat 
ww hand current that insufficient tempering is produced as in- ° 
- ald > 4 T T T T T T T T T 
ass ated in curve 2, Curves and represent satis. —e neat 
( y ag ) = > ‘ re 2 PS > 
low the there the heat-treat nt } ad 0.040 THICKNESS MATERIAL 
1e post the case where the heat-treat current has been made os|—|—| 1a" DIAMETER FLAT ELECTRODE TIPS 
slightly too high, resulting in rehardening of the weld | COOLANT: 3°C.; ; | | 
area. This latter condition results in a sharp decrease = 
d by I 
in physical properties as was noted in Fig. 17. 
| | | | sae oes —_| 
itud | 
noticed A summary of the test results obtained in this in- 
% and estigation is presented in Table 3. Corresponding data | | aera | 
and vestigation 1s presented in lable 5. orresponding data 3 oF 
ipering for two steels in the 0.040-in. thickness, previously in- | SALE. X 4130 —\. 
“urrent vestigated in this laboratory, are presented in Table 4. — 
r than These tables give comparative data for as-welded and = a |_| a= ~— S-A.E. 1035 
resting tempered spot welds. They illustrate the remarkable * wm | 
ontent improvement brought about by tempering. Table 5 & 
ry cur shows the recommended welding conditions for spot = js5}—;—.—+ Losieenlien 
1 0.48 welding of the three S.A.E. steels, 1020, 1035 and 1045, 2 | S.A.E. 1020 
range ff) i the 0.040 in. thickness. The values in the tables are 3 Bh | [ | 
“iently presented as ranges rather than as fixed values for the 
shows different quantities. In general, these represent the 2 | | 
nding ranges of satisfactory operation and of the results to be S—NAX 9115 
> weld An interesting relationship has been found between 
the minimum quenching time and the carbon content of 
the steel. As previously indicated, this is due to the | 
longer times required for quenching to the lower marten- SEE BIBLIOGRAPHY ~ 
site-lorming temperatures which are associated with the am {4 | 
higher carbon contents. Figure 19 illustrates this By 
relationship. The five different steels fall on a remark- 
Snot ably smooth curve of minimum quenching time vs. LJ 
Lb carbon content. This indicates that for this thickness, 
1 or lor any thickness for which the relationship is known, CARBON CONTENT — % 
a knowledge nt stee 
eld wledge of the carbon content of the steel to be Fig. 19—Curve Showing That the Minimum Quenching Time 
welded, will enable the precise determination of the time Between Weld and Heat Treatment Is Directly Related to the 
between welding and tempering. Carbon Content 
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When comparing the shear strengths of the three plain 
carbon steels it is seen that they tend to decrease with 
: increasing carbon, due to the brittleness resulting in the 
as-welded condition. When these welds are tempered, 
the shear strengths increase almost in direct relation to 
the increase in tensile strengths of the material. In the 
original investigations of the spot welding of NAX low- 
alloy steel in this laboratory, considerable emphasis 
was placed on the ratio of the U-strength to the shear 
strength. It was noted that tempering brought this 


(Top) S.A.E. 1020—As Welded 
(Center) S.A.E. 1035—As Welded 
(Bottom) S.A.E. 1045—As Welded 


Fig. 20-—-Photomicrographs (500 x) of Weld Structures Before and After Heat Treatment in S.A.E. 1020, 
1035 and 1045 Steels 
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ratio up above 50% which is a value commonly noted ¢,, 
plain low carbon steel. This relationship is try for 
the S.A.E. 1020 steel. However, in the case of SAR 
1035 and S.A.E. 1045 there is such a marked increas, 
in the shear strength produced by the tempering opera, 
tion, that even in the tempered condition the ratio ,; 
U-strength to shear strength is only a little more than 
30%. This relationship was also noticed in the jp. 
vestigation in this laboratory of the steel S.A.E. X-4139 
If it were not for this latter relationship, one might fy 


(Top) S.A.E. 1020—Heat Treated 
(Center) S.A.E. 1035—Heat Treated 
(Bottom) S.A.E. 1045—Heat Treated 
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Fig. 21—Photomacrographs (12.5 x) of Weld Structures Before and After Tempering in S.A.E. 1020, 1035 


(Top) S.A.E. 1020—As Welded 
(Center) S.A.E. 1035—As Welded 
(Bottom) S.A-E. 1045—As Welded 


inclined to interpret the reduction in ratio of U-strength 
to shear strength found in the case of S.A.E. 1035 and 
1045 steels, to the general reduction in ductility to be 
expected with these steels, by comparison with the lower 
carbon steels, and particularly low-alloy low carbon 
steels. In these cases in which the shear strength is 
greatly improved by tempering, it appears that more 
emphasis should be placed on the improvement in 
U-strength rather than upon the improvement of ratio 


of U-strength to shear strength. 


Figure 20 shows photomicrographs of weld structures 


in the as-welded and heat-treated conditions. 
shows photomacrographs of weld structures. 


Conclusions 


|. The automatic tempering of spot welds in the 
welding machine is decidedly advantageous in improving 


the toughness of spot welds. 


H 2. In the steel S.A.E. 1020 the shear strength may be 
/  iicreased by 10% and the U-strength tripled by temper- 


ing. 


: 3. In the steel S.A.E. 1035 the shear strength may be 
i increased by 70% and the U-strength nearly tripled by 


Tempering 
has not produced any great change in the appearance of 
these structures. However, it has caused precipitation 
of carbides from the martensite and has thus affected 
the etching time required to bring out the structure. 


and 1045 Steels 


(Top) S.A.E. 1020—Heat Treated 
(Center) S.A.E. 1035—Heat Treated 
(Bottom) S.A.E. 1045—Heat Treated 


nearly tripled and the U-strength increased nearly 
10 times by tempering. 

5. A significant improvement in the toughness of 
spot welds is obtainable when the carbon content is as 
low as 

6. Very much greater improvement in toughness 
results in welds of higher carbon content, and this in- 
vestigation shows that steels with carbon content as 
high as 0.48% can be successfully spot welded when the 
tempering cycle is included. 

7. The quenching time between weld and tempering 
operations is increased as the carbon content becomes 
greater. 

8. Significant improvement in the shear impact 
strength of spot welds is possible with the tempering 
treatment, the ratio of improvement varying from about 
2 to more than 8, as the carbon content increases from 
0.2 to 

9. The tempering of spot welds in thin gages of 
hardenable steels has been shown to be entirely prac 
ticable. It has been shown to be possible to change 
the unsatisfactory physical characteristics of as-welded 
spot welds to an entirely satisfactory range of physical 
properties. 
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2. Superimposing the Two Temperature Curves ously have proved that the results obtained by this 


method check closely with thermal measurements. 
Nene ei es The method was used in the present case to study the 
VI. Formula for the Determination of the Two Com- mechanism of heat transfer from the are to the plate 
ponents of the Cooling Curve from a Known General cooling curves have been established (Figs. 7 and 
Overall Cooling 10). These curves are expressed in general terms, s0 
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obtain general solutions which can be readily understood. 
It was, however, possible to present two general charts, one 
jor each of the two components of energy transfer to the 
plate: by radiation and by the heat contained in the 
metal melting off the electrode. Thus, all the various 
conditions influencing the cooling of the weld could be 
presented in only two charts. 

The curves in question have been worked out on the 
Electrical Analyzer for 0° C. conditions. Obviously, the 
effect of initial plate temperature other than 0° is of real 
import, and this applies particularly when preheating is 
considered. The curves in question are unique in that 
the effect of preheat is a matter of simple translation of 
the curve along the ordinate, with a minor correction if 
increased accuracy is desired. This makes it possible to 
at once predict or evaluate preheat effects. 

After establishing these general curves, the correctness 
of the analogy method as applied to the cooling of welds 
was examined. It was found that the cooling curves, 
based on the ‘‘general curves’’ mentioned above, check 
closely with cooling curves found by R.P.I. by direct 
thermal measurements. A comparison of the measure- 
ments will be found in Figs. 15 and 16. In view of the 
experimental difficulties in either direct measurements or 
the electrical measurements reported upon herein, the 
agreement between the R.P.I. curves and the Columbia 
curves can be considered excellent. 

By the present survey, the possibilities of using the 
Electric Analogy Method for determining cooling rates 
have been established. Obviously, however, the curves 
cannot be put to practical application under present 
conditions, first, because not enough curves are available, 
and second, because more correlation with direct thermal 
measurements is required. A program covering these 
two points for 1'/,-in. plates would be in the order of 
magnitude of 150% of the present program. 


Il. The Method 


The method which has been used in the experiments is 
explained in Appendix I. Only a brief summary will be 
given here to explain the simplifications which had to be 
made in the work and the underlying assumptions. 

The method used for the solution of heat flow problems 
is one of analogy: Certain electric circuits follow ex- 
actly the same (mathematical) laws which apply to 
(transient) heat flow problems; an actual heat flow prob- 
lem can thus be simulated electrically. After building 
up such circuits, carefully calculated to represent a given 
problem, in the experimental equipment (known as the 
Heat and Mass Flow Analyzer), electrical measurements 
are taken. A simple calculation permits the transforma- 
tion of the measured electrical units into the desired heat 
units. 

A very important feature of this method is the possi- 
bility of applying a ‘‘time scale.’’ The (electrical) ex- 
periments on the Analyzer need not be carried out in the 
same time in which the heat phenomenon occurs. The 
time in the electrical experiment may be shorter or longer 
than the time of heat flow, change of time occurring ‘‘to 
scale.’ If the total time of heat flow is called ‘100%,"’ 
and the total time in the electrical experiment is also 
“100%,” then any fractions of the time (e.g., 20%) in 
both heat and electrical test are equivalent. This pro- 
cedure, in the specific case of welding, permits stretching 
the time in order to facilitate reading of instruments, etc. 
The “time ratio’’ is the ratio of total time in the electrical 
experiment to the total time in the heat process; the 
longer the time ratio, the easier the reading of instru- 
ments. However, a longer time ratio calls for more 
equipment than a shorter one, and thus practical limits 
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are set to the time ratio. The application of the method 
to the problem of cooling rates of welds is explained in 
Appendix IT. 

With any indirect method of measurement, especially 
with a new and unconventional one such as is used here, 
the question of validity arises. The method has been 
checked against direct thermal observations and against 
mathematical analysis. The bibliography contains a 
number of listings'~* with comparisons of the results 
obtained by the Analyzer method with those obtained by 
other methods. 


Ill. The Concepts 


1. Two Ways of Heat Transfer 


The temperature rise in the steel which is to be welded 
is, of course, due to an energy input. The only readily 
available information concerning the energy input into a 
weld (and the steel surrounding the weld) is the consump- 
tion on the primary of the welding transformer (in the 
case of a.-c. welding) or the consumption of the motor, 
driving the generator (in the case of d.-c. welding). It 
can be stated, incidentally, that, in the case of a.-c. 
welding, even this consumption is not known quite 
accurately, because of the distortion of the voltage wave 
by the are and the consequent inaccuracy of the meters. 
This inaccuracy is, however, certainly of minor impor- 
tance, and will not be considered here. 

The welding set (motor generator or transformer) has 
an efficiency smaller than one; moreover, the cable and 
the welding electrode cause energy losses which are not 
known exactly. The greater part of the energy trans- 
formation (from electric energy to heat) occurs in the are, 
including both its tips, one tip on the electrode, the 
other in the metal. It is this part, with which this report 
will mostly deal. 

A last and very small part of the energy is transformed 
in the plate itself; the current passing through the plate 
to the return lead causes resistance heating of the plate 
(Joule's law). Because of the comparatively large sec- 
tion and small resistance of the plate, this part is very 
small and can be neglected for all practical purposes. 
Figure 1 shows schematically the breakdown of the total 
energy input. 


Power Line 
Meter 
Welding Mach.or 
Transformer 
Q, ( 1 -¥) Cable 
Electrode 
Tip 
Q 
x very 
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Fig. 1—Breakdown of Gross Energy Input 


463-s 


O a 
: 

4 

q 

= 
| 
sf 

= 

| 


| u- Tip of Electrode 
Energy mainly used to 

melt the electrode (kp) 


” Energy lost to surroundings 
Plate 
Energy main- 
3 ly used to (k,) 
heat plate 


=| 


Length of Arc 


Fig. 2-Voltage and Energy Distribution in Arc 


The main zone of energy transformation is the are 
with its two tips. The high temperature at the tip of 
the arc causes the electrode to melt gradually. The 
molten particle drops and falls on the plate, forming 
there a molten pool. Moreover, the tip radiates heat to 
the surroundings and to the plate. The gas column of 
the are proper radiates heat to the surroundings and to 
the plate. The lower tip finally loses some heat on the 
plate, by radiation to the surroundings, while the majority 
of the heat is flowing by conduction into the plate. The 
tip, of course, has a finite diameter. The current being 
the same in the whole circuit, the energy is proportional 
to the voltage. The total voltage drop in the are (roughly 
equal to the secondary voltage of the welding transformer) 
is used up mainly in the tips of the arc, and to a small ex- 
tent in the gascolumn. Figure 2 is a schematic diagram 
of the voltage plotted vs. the length of the arc. The main 
effect of the heat generated in the various parts is also 
noted in thesketch. If a certain constant amount of 
heat—say,one heat unit——is transferred to the plate, the 
resulting heat flow in the plate will be different depending 
on the method by which the heat is transferred. If the 
heat is transmitted to the plate by means of the molten 
drop of the electrode, this drop of metal, which is the 
source of heat, remains in constant contact with the plate, 
increasing the thermal capacity of the plate (because the 
volume is increased by the volume of the drop). The 
temperature of the heat source (drop of metal), however, 
immediately starts to decrease. If, on the other hand, 
the heat is transmitted by conduction and radiation, or 
is generated in the (bottom) foot of the arc, the tem- 
perature of this source of heat may be considered to be 
constant, as long as the source remains in contact with 
the plate. However, as the arc moves along, the source 
of heat moves with it, thus remaining only a very brief 
moment in contact with any one point on the plate. 

Thus there are two ways of transferring energy from 
the are to the plate, which result in entirely different 
cooling curves: 

Heat Transfer by Molten Metal (Bead).—-This energy 
originates in the upper tip of the arc, on the electrode. 
The heat source remains in constant contact with a given 
part of the plate; it drops in temperature steadily. 

Heat Transfer by Radiation, Convection and Heat Gener- 
ated on the Plate-—This energy originates in the lower tip 
of the are, on the plate. The heat source is continuously 
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moving, together with the are and the electrode 
therefore remains in contact with any one spot on 4, 
plate for only a very short moment. . 
the heat source, however, is constant and does not dry 

The actual heating and cooling in the plate is the reg, 
of the two influences (of both h 


By the electrical method it is possible to study the 


fluence of each component separately. 
curves are obtained. 
of the two individual curves. 
curve shows a temperature at any given time after t) 
start of welding of 175° C., the other curve for the say 
time a temperature of 190° C., then the actual temper 


ture at this time is 175 + 190 = 365° C. 
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immediately. 


fusion being liberated. 


The Heat Transfer by the Bead 


The heat transfer by the bead is a complex proces 
Without discussing the history of a melting drop of th 
electrode prior to its separation from the electrode, t} 
behavior of the drop can be briefly described as follow: 
Upon leaving the electrode, the drop cools at its surfag, 
However, because of the short time for thy 
drop to travel from the electrode to the plate, a unifor 
temperature throughout the drop at the moment of jt 
arrival on the plate may be assumed. 
forming part of the bead, starts to freeze. 
of steel is an exothermic process: 
perature (the melting point) heat is generated until th 
entire heat of fusion is liberated. 
the drop starts on its entire surface and proceeds towar 
its interior. 
within the bead, there are three periods of heat transfe: 
from the bead, as indicated in Fig. 3. 
period, the temperature of the bead drops and, inasmuc! 
as the temperature of the plate increases, the amount : 
heat transferred to the plate decreases rapidly. 
the second period, the heat flow is maintained constant 
at a constant temperature of the bead, due to the heat oi 
During the third period, th 
temperature of the bead and its transmitted heat «i 


Neglecting the temperature 


creases again. 


Temperature 


Solig portion of bead 


Heat Flow 
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Fig. 3—-Temperature of Bead and Heat Flow from Bead + 


Plate vs. Time. 
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Terence 
transfer In the present experiments it has not been possible to 
the firs represent the three periods separately (although it may 
asmuc! it a later time be possible to do so on the Analyzer). 
Ount « he total amount of heat transferred by the bead is repre- 
Durin sented by the area under the heat flow-time curve (Fig. 
nstant 3). By using a higher fictitious initial temperature of 
heat oj the bead drop, the same amount of heat (equal area under 
nd, the the curve) may be reached without the irregularity due 
at ce to the heat of fusion. Such a characteristic is shown in 
Fig. 4. All experiments for Heat Transfer by Beads are 
carried out by compensating for the heat of fusion by a 
higher initial temperature of the drop. 
3. Area of Contact 
Che nature of the heat source being defined, there re- 
mains the question of heat transfer from the source to the 
plate. Heat transfer always takes place through an area. 
Whichever of the three forms of heat transfer (conduc- 
tion, radiation, convection) occurs, it is obvious that, 
through an infinitely small area, a finite amount of heat 
can flow only if the temperature at this infinitely small 
irea is infinitely large, an assumption which evidently 
loes not hold. The area through which the heat transfer 
| to the plate occurs is not well defined. 
Area of] Heat T ransfer 
| 
P late 
a. Plane Surface 
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In the case of heat transfer by radiation, it might be a 
reasonable assumption to let the area of heat transfer 
have a thickness equal to the diameter of the electrode 

In the case of the heat transfer by the bead, it would be 
desirable to know the size of the drop, in order to take the 
bottom part of its surface as the area of heat transfer. 
Here, however, another difficulty arises. The available 
equipment did not permit an assumption of an area on 
the surface to carry on the heat. For reasons explained 
in Appendix ITI, a cylindrical groove had to be assumed. 
Figure 5 (a) represents the plane surface, with an area 
(indicated by shading) for heat transfer. Figure 5 (b) 
shows the surface, as actually assumed in the experi 
ments, with a semi-cylindrical groove of the radius p as 
the area of heat transfer. Experiments described in 
Appendix III show that the cooling curves in the plate 
are the same for ‘‘p’’ value of 0.06 and 0.08 


4. Simplifications 


In order to analyze the problem and measure cooling 
curves on the Analyzer, a number of simplifying assump- 
tions had to be made, which are discussed in more detail 
in Appendix IV, but which are listed briefly below. The 
assumptions involve only concepts having a secondary 
effect on the net result. Many of the concepts are obvi- 
ously physically not tenable; they are made in spite of 
this for convenience’s sake, and with the knowledge that 
they do not radically affect the results. 

(a) It is assumed that the thermal properties of the 
steel are independent of temperature. The values used 
in the experiments are as follows: 
Thermal conductivity. . 50.4 keal. 

33.9 Btu./” F., hr., ft.) 

Specific heat 0.155 keaj./kg., © C. 


0.155 Btu. /Ib., F. 
Density 7.8 kg./dm 
486.7 Ib./cu. ft.) 
(b) The steel on the surface of the plate does not melt 


(c) The plate is wide and thick enough to be con 
sidered as a semi-infinite body. Practically, that means 
that the plate is 3 in. or more wide, and 1.5 in. thick. 
It is not impossible that the same conditions would pre 
vail for a slightly smaller thickness of, say, 1.25 in 
This, however, has not as yet been ascertained. 

(d) No heat loss to the surroundings. This assump- 
tion is very close to true conditions, and could be deter 
mined by the experiments. 

(e) All points in the bead changing temperatures at 
the same time and same rate; in other words, all points 
in the bead have, at any one time, the same temperature 

(f) The change of (geometrical) shape of the body by 
adding the bead in the opening (Fig. 5 ())) is accounted 
for only by an approximation. 


Area of Heat Transfer 


plate 


b. Semi-cylindrical Groove 


Fig. 5—Area of Heat Transfer 
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(g) Work on the Analyzer calls for dividing the body 
under consideration into a number of sections or ‘‘lumps.”’ 
Similarly, the movement of the heat source (the moving 
of the arc) is considered to take place in steps rather than 


continuously. The finite number of lumps and steps is a 
source of inaccuracy. 


IV. General Cooling Curves for the Two Types of 
Heat Input 


The general purpose of the present program was to 
establish cooling curves for various welding conditions. 
As stated above, it is not known how great, for a given 
total energy input, its two components are. It therefore 
appeared necessary to obtain the cooling curves for a 
large number of different input conditions. 

From the experimental setup, however, it followed 
that, by certain reductions, curves with general validity 
could be obtained. A more detailed explanation of how 
these conclusions were reached is found in Appendix V. 
Here the results only will be mentioned. 

In all cooling curves in this report, the time is counted 
from the moment in which the weld reaches the ‘‘measur- 
ing plane.’’ As the arc progresses from one end of the 
plate, it will take a certain time before it reaches the 
plane in which the temperature changes are being deter- 
mined. This plane is the “measuring plane.’’ And the 
time scale shows zero for the moment in which the arc 
reaches and passes through this plane. 


1. Heat Input by Radiation 


For a giveu welding speed, the temperature at any 
given time after the start of the weld (or after the arc 
reaches a certain “measuring plane’’), and at any point 
in the plate, is proportional to the heat input (e.g., 
measured in watts). 
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For example, assume that, 15 sec. after the weld jx. 
reached the measuring plane, the temperature at a certaj, 
distance from the surface is 360° C. with a heat input ¢; 
3000 watts, and at a welding speed of 10 in./min. They 
with a heat input of 4500 watts (assuming the sam, 
welding speed as before), the temperature at the san, 
point and same time would be 540° C. With a differen; 
welding speed, however, the same input of 3000 watt 
yields a different temperature at the same time and loca 
tion. This result is most important and should be wey 
understood. It makes it possible to plot a value Temp, 
Heat Input (on the ordinate) vs. Time (on the abscissa 
The graph holds, of course, for only one geometrical posi 
tion, and contains several curves for different amount: 
of welding speed. 

It would appear, at first, that this result is in contra 
diction to the facts found by Dr. W. F. Hess at Rens 
selaer Polytechnic Institute (R.P.I.). Dr. Hess, in his 
report for R.P.I., stated that the cooling curves ar 
identical as long as the input per unit of time is the same 
independent of the actual input. R.P.I. states that 
therefore, the cooling curves are the same, as long as the 
“joules per inch” are unchanged; which is the same as 
saying that the cooling curves are the same as long as the 
ratio of watt/welding speed is unchanged. 

In comparing the statement by R.P.I. with the findings 
on the Analyzer reported in this paper, two facts have t 
be kept in mind. 

First, the statement of R.P.I. refers to the actual tem 
perature in the plate, whereas the statement in this report 
refers only to one component of the plate temperature. 

Second, it is possible and even very probable that th 
efficiency of the electric welding circuit is different for 
various amounts of input: At 3000 watts on the primary 
of the transformer, the efficiency very probably is differ 
ent from the value obtained at 4500 watts: It is to be 
noted that the curves referred to in this report are to bx 


Fig. 6—Values of k, at Level B 


Curve a, 4.22 in./min. 
Curve b, 5.35 in./min. 
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Curve d, 11.80 in./min. 
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Fig. 7—Values of k, at Level A 
Curve a, 4.22 in./min. 
Curve b, 5.35 in./min. 


Curve c, 7.38 in./min. 
Curve d, 11.80 in./min. 
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taken for the actual effective input to the plate, not for 
the input on the primary of the welding transformer. 
The efficiency is taken into consideration, however, only 
at a later stage. 

Therefore it can be concluded that the contradiction 
between R.P.I. results and the results on the Analyzer 
are not actual. 

is hereafter called ‘‘k,.”’ 

Effective Input 
The ratio k, is different for different positions and differ- 
ent welding speeds. Figure 6 shows the values of &,; for 
a point 0.236 in. under the straight plate surface plotted 
vs. cooling time. Figure 7 shows the values at a point 
).127 in. under the straight plate surface. Figure § 
shows the location of the measuring points. (Both 
Figs. 6 and 7 are based on two measurements each, one 
for p = 0.06, the other for p = 0.08. In Fig. 7 the tem- 
peratures for p = 0.06 refer to a depth of 0.1245 in. under 
the surface, while the experiments for p = 0.08 are taken 
).1304 in. under the surface. The value of 0.127 men- 
tioned above is the mean between 0.1245 and 0.1304. 
The difference in depth is not marked enough to be 
noticeable in compiling the curves.) 

Two conclusions can be drawn from the curves: 

(a) At the start of the cooling, a high welding speed 
results in a sharper temperature drop than a slower 
welding. Slow welding, therefore, decreases the rate of 
cooling. 

(b) At the start of the cooling, the curves for slow 
welding are low as compared with the curves for high 
speeds. After some time has elapsed, the difference dis- 
appears. 

The two observations can be illustrated by an example: 


The value 
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(a) The curve for 11.8 in./min. drops from 145° C. 
kw. (3 sec. on the abscissa) to 115° C./kw. (4 sec.), or to 
0.795 of the value at 3 sec. The curve for 4.22 in./min. 
drops from 277.5° C./kw. (3 sec.) to 243° C./kw. (4 
sec.), or to 0.878 of the value at 3 sec. 

(6) If a given input (joules/in.), should yield the 
same temperature increase independent of the welding 
speed, then each point on the curve for 4.22 in./min. 
should be 11.8/4.22 = 2.8 times as high as the equivalent 
point (for the same time) on the curve for 11.8 in./min. 
Three seconds after the start of the weld, the curve for 
11.8 in./min. shows 145° C./kw. The curve for 4.22 
in./min. would be 2.8 times as high, or at 2.8 & 145 = 
406° C. Actually it is only 277.5° C./kw. Later, e.g., 
38 sec. after start of the weld, the curve for 11.8 in./min. 
reads 20° C./kw. The curve for 4.22 in./min., reads, 
as would be expected, 56° C./kw., or 2.8 times as high. 

Note: It should be understood that all temperatures 
are measured above the initial temperature of the plate 
as zero line. 


2. Heat Input by Beads 


For a given welding speed and a given bead volume, the 
temperatures at any given time after reaching the 
“measuring plane,’ and at any point in the plate, are 
proportional to the fictitious bead temperature. For 
example, assume that, 10 sec. after the weld has reached 
the measuring plane, the temperature at a certain dis- 
tance from the surface is 190° C. with a bead volume of 
3.69 X 10-? cu. in./in., a welding speed of 11 in./min., 
and a fictitious initial bead temperature of 4000° C. If 
the fictitious initial bead temperature is now increased to 
5000° C., then (with all other conditions unchanged), 
the temperature at the same point in the body will be 


467-: 


ano 
| 
190 
| 
600 
On 
kw 
K}) 
500 
| ; 
A 
x 
bars, 
y 
’ 
4 
2 


5000/4000 &K 190 = 237.5° C. If, however, the bead 
volume or the welding speed changes, then the tempera- 
ture in the plate, even for the same fictitious initial bead 
temperature, no longer holds. 

This result is most important and should be well under- 
stood. It makes it possible to plot (on the ordinate) a 
value for Temperature in the Plate/Fictitious Bead 
Temp. vs. Time (on the abscissa). The graph holds 
again for only one geometrical position, and contains 
several curves for different values of volume of the bead; 
and, moreover, each curve is good for only one welding 
speed. 

The ratio of temp. ° C. (in the plate) /1000° C. fictitious 
initial bead temperature is called ke. 

In Fig. 9, k: is plotted against cooling time fo1 a point 
0.236 in. under the straight plate surface. In Fig. 10, 
the values of k are plotted vs. cooling time for a point 
0.127 in. under the straight plate surface. The location 


of the points is the same as shown in Fig. 8. Both figures 
contain 4 curves, 


one for 1.845 X 10-? cu. in./in. bead volume 
one for 3.69 X 10>? cu. in./in. bead volume 
one for 7.38 XX 10>? cu. in./in. bead volume 
one for 11-07 X 10>? cu. in./in. bead volume 


Both figures are drawn for a welding speed of 11.8 in. 
min. The ordinates show two scales, in order to make a 


Fig. 8—-Points of Measurement 


more accurate 1eading of the curves possible, one scal 
reading from 0 to 100 (Fig. 9) and from 0 to 200 Fig. 19 
while the other scale continues at the end of the first (1, 
to 200 for Fig. 9 and 200 to 400 for Fig. 10). The par 
of the curves to be read on the higher scales are indicate, 
by broken lines, while those parts referring to the joy, 
scales are drawn in solid lines. 

The influence of the speed of welding is opposite to thy 
observed in connection with k;. In Figs. 11 and 12, poy} 
for a bead volume of 1.845. 10~* cu. in./in., ke is plotteg 
on the ordinates, the time on the abscissa. Vario, 
curves are drawn for different speeds of welding.  Figyy, 
11 holds for 0.236 in., Fig. 12 for 0.127 in. under thy 
straight surface. In the case of heat transfer throug! 
the bead, higher welding speeds cause higher temper, 
tures in the plate. However, the influence is not ven 
marked, and disappears entirely after a relatively shor 
time. If, however,'in the first approximation, the curve; 
for the various speeds are considered to coincide, ty 
temperature rise due to the bead becomes independent ,; 
speed. 

The volume of bead has a very marked influence on th 
cooling curves. Except for the first few seconds, th 
values of ky appear to be proportional to the bead volume 
Figure 13 shows the values of k, (ordinates) plotted 9; 
the bead volume (abscissa) for various time intervals 
after the weld has reached the measuring plane. The 
straight lines, however, do not appear to converge on 
ke = 0, as would be expected. It has not been ascer 
tained if this is due to measuring inaccuracies at the 
0.1845 X 10~* cu. in. size, or if there is some other reason 


V. Discussion of the Curves 


In the presentation so far, separate curves have always 
been given for a point 0.127 in. under the straight suriace 
with additional curves for a second point, 0.236 in. under 
the straight surface of the plate. It is of importance t 


Fig. 9—Values of k, at Level B (Welding 
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compare the nature of these two groups of curves. 
First, it will give some idea as to the influence of in- 
accuracies in determining the position of thermocouples 
in direct temperature measurements. Secondly, it will 
help to judge the necessity for measuring at various 
points. The values for the two measuring points (0.127 
and 0.236 in.) tend to become the same as cooling pro- 
ceeds; this holds true for the Rk; as well as for the ke 
curves. k, equalizes for high welding speeds after a 
relatively short time (for 11.8 in./min. after 6 sec.). 
For low welding speeds (4.22 in./min.), the temperatures 
at 0.127 in. and at 0.236 in. become the same after only 
20 sec. ke is still more sensitive. With a small bead 
volume (0.1845 & 10~-* cu. in./in.), equalization occurs 
only after 13 sec., while with higher bead volumes as 
much as 42 sec. are needed to equalize temperatures at 
the two measuring points. This high sensitivity against 
position should be kept in mind, in comparing results 
obtained on the Analyzer with those by direct measure- 
ment. Small errors in the determination of location of 
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the thermocouple have considerable influence on the re 


sulting temperature. 

A second point to be investigated here is which manner 
of heat transfer contributes more to a build-up of tem 
perature. The comparison should be based on the ratio 

— OFr-; - These ratios, for various condi 
joules/in. joules 
tions, are contained in Table 1. In that table, where 
only one value of ° C. X in./joule is filled in for different 
conditions, this value represents a mean. The deviations 
of the individual values from this mean were within 
measuring accuracy. This table brings out clearly that 
the bead tends to make cooling slower. At later times 
(from 3 or 4 sec. upward), the temperatures (per joules 
in.) are higher for the heat transfer by bead than those 
for the heat transfer by radiation. The temperatures 
do not drop so fast. This influence would be still more 
marked, if the heat of fusion could have been taken into 
account properly (see page 464-s, I11-2). 
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VI. How to Use the Curves 


Curves such as those developed for 1.5-in. plate, and 
shown in Figs. 9 and 10, can be used in two different ways: 

1. If the net input energy rate and the fictitious bead 
temperature are known, the curves can be used to predict 
the cooling of plates under various welding conditions. 


Time After Heat Transfer by Bead (k.) 
Weld Reaches Heat Transfer by Radiation (k;) Bead Volume, Cu. in./in. 
Measuring Speed of Welding, in./Min. 
Plane 11.6 5.35 4.22 1.845 X 107? 7.38 X 107? 
A—Values ° C. X in./joule for Points 0.127 In. Under the Straight Surface 
2 0.0492 «—- — 0.0460 
Mean 
3 0.0315 0.030 0.0282 re — 0.0380 - 
Mean 
4 0.0246 0.0236 0.0227 _— 0.0300 
Mean 
5 9.0196 0.0196 0.0190 0.0233 0.0265 
10 - 0.0100 0.0105 0.0144 
Mean 
15 ——- 0.0072 0.0069 0.0095 
Mean 
20 ().0053 0.0053 0.0069 
Mean 
25 — (). 0047 0.0047 0.0054 
Mean 
30 — — ().0042 -—————----—> 0.0040 0.0046 
Mean 
B—Values for Points 0.236-In. Under the Straight Surface 
2 0.0360 0.0340 0.0341 0.0260 
3 0.0285 0.0225 0.204 0.0275 0.0238 
4 0.0226 0.0192 0.0170 0.0223 0.0215 
5 0.0182 0.0165 0.0160 0.0184 0.0197 
10 _ 0.0100 — 0.0092 0.0120 
Mean 
15 0.0069 0.0066 0.0085 
Mean 
20 0.0053 0.0063 
Mean 
25 0045 —> 0.0046 0.0052 
Mean 
30 0.0040 0.0039 0.0048 
Mean 
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Table 1—Contribution of Radiation and Bead T 


2. If the net input rate and the fictitious bead tem 
peratures are not known, but (by direct temperatur 
measurements) the cooling curve is known, the curve: 
can be used to determine the are efficiency and th 
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amount of heat transferred by the two means: }y 


means of ‘“‘radiation’’ and by means of the “‘bead.”’ 


The two applications will now be briefly discussed 
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Fig. 13—k, Plotted vs. Bead Volume 
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|. Ingeneral the net input rate and 
the fictitious bead temperature are not 
known. In Section VIII, a program 
will be discussed which should result in 
the knowledge of these two factors. If 
they are known, the use of the charts 
is very easy: 

(a) Take the input on the primary. 

(6) Multiply the input by the arc 
efficiency. 

(c) Select the curve for the bead 
volume. 

(d) Determine the component of 
the plate temperature due to the bead. 

(e) Determine the heat content of 
the bead (Fig. 14). 

(f) Determine the watt transmitted 
by radiation. 

(g) Determine the component of 
the plate temperature due to radiation. 

(h) Add the two components of 
plate temperature; their sum equals 
the plate temperature at any given 
time. 

The procedure may best be demon- 
strated by the following. 


Example. 
Given: 
Input on the primary 6500 watt 
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Arc efficiency, 88% 

Welding speed, 8 in./min. 

Bead volume, 5 X 10~* cu. in./in. 
Fictitious bead temperature, 4500° C 


Procedure of Solution: 


(a,b) Gross input rate X arc effi 
ciency = net input rate 


6500 watts X O.88 = 5720 watts 


(c) The bead volume is 0.05 cu. 
in./in. Curves are available for 0.0369 
and 0.0738 cu. in./in. The values for 
0.05 cu. in./in. have to be found by 
interpolation between the values of the 
two given curves. 

(d) From Fig. 10 read: 


For 3 sec. For 4 sec. 
For 0.0369 cu. 


in./in. ke=123 ke= 95 
For 0 O738 ko a 234 ke = 188 
Hence for0.05 ke = 162.4 ke = 127.9 


ko, as per definition, is the component 
of the plate temperature due to the 
bead temperatures expressed in ° C. 
plate temperature/1000° C. bead 
temperature. The values of ky have, 
therefore, to be multiplied by 4500 
1000 = 4.5. The component of plate 
temperature due to the bead ts there 
fore 


After 3 sec.: 4.5 X 162.4 = 731° C. 
After 4sec.: 4.5 x 127.9 = 576° C. 
(e) The heat content of the bead 


equals the product of bead volume xX 
specific heat X fictitious bead temp. 


4 


Ar Mie): 


Beed Volume, cu in./in. length of t 


Fig. 14—Heat Content of the Bead for 1000° C. (1000 x &,) 
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density. In order to facilitate computation, Fig. 14 
has been added. The heat content per 1000° C. fictitious 
bead temperature is plotted on the ordinate, the bead 
volume on the abscissa. The curve is drawn for a specific 
heat of 0.155 and a density of 486.7 Ib./cu. ft. From this 
curve the heat content for 0.05 cu. in./in. can be read to be 
4130 joules/in. For a fictitious bead temperature of 
4500° C., the heat content is therefore 4.5 K 4130 = 
18,585 joules/in. 

(f) The watts transmitted by radiation have to be 
found from the total net input. For this purpose the 
average watts due to the bead are determined. They 
are the joules/in. (18,585) times the welding speed re- 
duced to in./sec. (*/¢0). 

The average watts due to the bead are therefore, 
18,585(8/60) = 2478 watts. The watts due to radiation 
are the difference between the net input rate (5720 watts) 
minus the bead-watt (2478 watts). 

Watts due to radiation: 5720 — 2478 = 3242 watts. 

(g) The component of plate temperature due to 
radiation has to be found from Fig. 7. The speed of 8 
in./min. lies between 11.8 in./min. and 7.38 in./min. 
The value for 8 in./min. has to be found by interpolation. 


From Fig. 7 read 


For 3 sec. For 4 sec 

For 11.8 in./min. k, = 165 k, = 125 

For 7.38 ky = 272 ky = 210 
Hence for 8 in./ 

min. ky = 257 k, = 198 


ki, as per definition, is the component of the plate tem- 
perature due to radiation expressed in ° C./watts. In 
order to obtain the temperature component, the k; 
values are to be multiplied by the amount of kw. (2478 
watts = 2.478 kw.). The component of plate tempera- 
ture due to radiation is therefore: 


(h) The total plate temperature is found by addiy 
the two components (d and g). Hence it can be = 
that, for the conditions of the example, the p ; te ten 
perature will be: " 

After 3 sec. 731 + 637 = 1368° C 
After 4 sec. 576 + 491 = 1067° 
The slope, then, is, of course, 1368 — 1067 = 301° C 


2. The use of the charts as explained in (1) aboy, 
page 471-s, is possible only if the various data that 4, 
mentioned at the beginning of (1) are known. This yy 
rarely be the case at present. However, if by dre 
thermal measurements the temperature-time relation 
in the plate is known, the graphs may be used to ree er 
mine the two individual components of that te mperatun 
The mathematical discussion of this operation is found ; 
Appendix VI. It must be stated, however, that 
strictly correct solution cannot be expected, even if th 
are efficiency is known. The problem is theoretic. lly in 
determinate. However, by way of physical reasoniy 
(limits of are temperature, reasonable values for effi 
ciency, etc.), the freedom of choice is narrowed so much 
as to make the problem practically determinate. 

The method of calculation as well as the formulas ar 
discussed in Appendix VI. Two curves taken by k.P | 
have been analyzed by this method and the results an 
shown in Figs. 15 and 16. In both figures time is plotte 
on the abscissa, and temperatures are plotted on th 
ordinate. The charts contain one temperature cury 
taken by R.P.I. This curve for a given input (49,3300 
joules/in. in Fig. 15 and 84,400 joules/in. in Fig. 16) js 
the same for any welding speed. Therefore, the curve is 
compared with two different ones taken from the &, and } 
curves. The two Columbia curves are for two different 
welding speeds, namely, 11.8 in./min. and 5.35 in. 


min 


After 3 sec. 2.478 XK 257 = 637° C. The data underlying the curves are tabulated below, in 
After 4 sec. 2.478 K 198 = 491° C. Table 2. 
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Fig. 16—Comparison of Cooling Curves 
(84,400 joules/in. Input) 
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Table 2 

Radia- 

tion 
Welding Bead Fictitious Input Are 
Input, Speed, Volume, Bead Rate, Effi- 
Joules/In In./Min. Cu. In./In. Temp. Watts ciency 
19,300 5.35 11 46 xX i¢= 1000 1200 0.89 
11.8 9.22 X 107? 1200 2340 0.9 
84 400 5.35 12.92 10-2 4500 9495 0.9 
11.8 11.07 K 1072 5000 6000 0.9 


The point of greatest interest in connection with weld- 
ing is the rate of cooling in the range of 700° C. 
From Fig. 15 the rate at 700° C. can be found: 


For the R.P.I. curve and the Columbia curve, 5.35 in./ 
min. 61.5° C./sec. 

For the R.P.I. curve and the Columbia curve, 11.22 in./ 
min. 81.6° C./sec. 
Similarly, from Fig. 16, the rate at 700° C. can be 

found: 


For the R.P.I. curve, 33.3° C./sec. 
For either Columbia curve, 45.4° C./sec. 


In view of all the difficulties involved, the Columbia 
Analyzer curves check remarkably well with those ob- 
tained by direct temperature measurements at R.P.I. 
Even a much greater discrepancy in results would not be 
surprising because of the radically different manner of 
approach as well as the inevitable experimental errors 
involved in either method. The curves in Fig. 15 appar- 
ently check better than those in Fig. 16, although the 
difference between the cooling rates derived from the 
two graphs is smaller than would appear at first glance. 

(Some reasons for the discrepancies still existing were 
aS follows: The determination of the location of tem- 
perature measurement at R.P.I. has a great influence. 
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It is quite possible that R.P.I. measured closer to the 
surface than assumed (0.127 in.). Moreover, it is be- 
lieved that working at Columbia wath a fictitious bead 
temperature tends to yield a steeper temperature drop. 
The heat of fusion being liberated at the melting point 
would tend to hold the temperature at high levels for a 
longer time, and thus decrease the speed of temperature 
drop.) 


VII. Conclusions 


From the work carried out in order to establish the 
curves for k; and ke, some additional information can be 
obtained. 

1. Preheat: The curves for k; and ke show the tem- 
peratures (although as ratios to other values—wattage for 
ki, fictitious bead temperature for 2) in the plate 
These temperatures refer to an initial plate temperature 
of 0° C. If the plate is preheated, either to room tem- 
perature or to a higher temperature (e.g., to 200° C.), 
then this preheat temperature has to be added to the 
temperatures obtained from k; and ky. Similarly, if the 
welding takes place in the open, and the plates were 
originally at subfreezing temperatures, the value below 
0° C. has to be deducted from the temperatures as found 
from k, and ks. 

No further comment is necessary as far as k; is con 
cerned. As regards ko, the fictitious temperature of the 
bead, in case of preheat has also to be corrected to the 
new zero level. That is, a fictitious bead temperature of 
1000 means 4000° C. at 0° C. initial temperature; or 
1200° C. at 200° C. preheat; or 3970 at —30° C. initial 
temperature of the steel. 

Considering the cooling curve as established for 0° C. 
initial temperature, the preheat has the effect of moving 
the temperature scale. Because of the changing slope of 
the curve, the rate of cooling at 700° C. will be different 
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with and without preheat. Example (Refer to Fig. 16): 
With 200° C. preheat, the scale of the ordinate is moved 
upward 200°; the value previously reading 200 (without 
preheat) is 400 with preheat, etc. In order to find the 
rate of cooling at 700° C. with preheat to 200° C., the 
values at 500 in the curve have to be used: 


Temperatures Time at Which Temp. Is Reached 

On With Col. 11.8 Col. 5.35 
Chart Preheat R.P.I. Curve In./Min. In./Min. 
550 750 12.2 10.9 11.75 

450 650 14.75 13.75 14.25 
Diff. 

100 100 2.55 2.85 2.50 


Rate of Cooling 39.2° C./sec. 35.1° C./sec. 


40° C./sec 


The influence of the preheat can be seen by comparing 
these figures for the rate of cooling with those given on 
page 473-s (61.5° and 81.6° C./sec.). 

2. Heat Loss to Surroundings: It has been assumed 


Direction of W 
tion of Weld 


Fig. 17—Heat Flow Through Interior of Plate 


that no heat is lost to the surroundings. From the caley 
lations of the circuit it became obvious that the simplify. 
ing assumption, that the heat loss to the surrounding 
may be neglected, is entirely justified. This heat Joc. - 
so small as to be of no practical influence. A Proof for 
this statement may be found in Appendix [V. Inc. 
dentally, R.P.I. and Lehigh University, in their investi. 
gations, also came to the same conclusions. 

3. Heat Flow Through the Inside of the Plate: {ex 
generated at or transmitted to any point of the surfag 
travels into the body by several paths. In part it flow 
toward the bottom, in part in the direction of the welq 
Figure 17 shows schematically the various directions ¢j 
flow. With change of thickness, the amount of hea 
flowing into the body changes. If the total heat input 
remains unchanged, then obviously a change of the 
amount of heat flowing into the body also automatically 
alters the heat available for flow in the direction of th, 
weld, and therewith the cooling process close to the 
surface. 

4. The Value of p, the radius of the groove in which 

the bead is deposited, is, within the range of the investi. 
gation, of no importance. 
5. The temperature drop within the plate is extremely 
steep. In Fig. 18 the maximum temperatures reached 
are plotted vs. the distance from the surface. The 
maxima, of course, do not occur all at the same time, and 
are plotted without regard to the time of occurrence. 

Figure 18 consists of two parts, Fig. 18 (a) and ()). 
In both parts, the thickness of the plate is plotted on the 
abscissa, and a temperature function is plotted on the 
ordinate. Figure 18 (a) contains what could be defined 
as the maximum values of k; reached at various depths: 
Fig. 18 (b) contains the maximum values of ks reached at 
various depths. 

6. Because of the steepness of the temperature drop 
vs. time at the beginning of the cooling, the results are 
sensitive to minor changes within ; or ko. 


k, 
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Depth, inches 


Fig. 18—(a) (Left) Maximum k, vs. Depth in Plate. 
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(b) (Right) Maximum k, vs. Depth in Plate 
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7, For the curves that have been analyzed, the con- 
tributions of Ri and k, are of the same order of magnitude, 
«would be expected. The voltage drops in the two tips 


{ the arc should also be ot the same order of magnitude. 


VIII. Further Work 


The investigations reported upon above are considered 
as only a first step in determining the rate of cooling of 
arc welds. Further work would have to be concentrated 
on four phases of the problem: 

|. Setting up improved k, curves which would take 
into consideration the heat of fusion. 

9. The influence of a different choice of physical prop- 
erties (thermal conductivity, specific heat, density), as 
inherent in other steels, on the values of 2; and ke could 
be examined. 

3. Setting up of additional curves, suited for other 
thicknesses of the plate, and possibly for the bottom pass. 

4. By analyzing a large number of cooling curves 
taken by direct temperature measurement, rules could be 
set up, Showing the value of “radiation wattage,’’ arc 
efficiency, bead volume and initial bead temperature, as a 
function of the geometry involved (plate thickness, 
position of bead, etc.). Such a curve would permit the 
extension of the results beyond the limit of actual in- 
vestigation. 

The introduction of the heat of fusion (Item 1 above) 
would entail considerable complications. A third tem- 
perature component kr, for the contribution by the Heat 
of Fusion, would have to be introduced. ky, however, 
could be applied in each case only after the cooling curve 
without heat of fusion has been determined from the 
given curves for k; and ko. kr would depend on the 
volume of the bead, and also on the time during which the 
heat of fusion is being liberated. 

Step I.—In view of these complications, the suggestion 
is made to start with only one case, comparing the results 
of curves with and without separate consideration of the 
heat of fusion, rather than to set up a complete set of 
curves for ky. 

The influence of different propeities of the steel (Item 2 
above) need be investigated for only one set of curves of 
and ke. 

Step II.—Because the properties are considered not to 
change with temperature, and because the heat loss to the 
surroundings need not be taken into account, it is suffi- 
cient to vary the “thermal diffusivity’’ (diffusivity = 
conductivity/volumetric specific heat) as far as k; is 
concerned. For ke, variations of conductivity and volu- 
metric specific heat have to be considered separately. 

Setting up of more curves (Item 3 above) and analyzing 
direct temperature measurements (Item 4 above) should 
be done simultaneously. The results of the analysis will 
determine how many different groups of curves have to 
be set up. Moreover, this program will also depend 
upon the outcome of the two steps, shown as (1) and (IT) 
above. 

It is suggested to approach Items 3 and 4 only after 
getting a better insight into the problem from the Steps I 
and II. The final result, including (3) and (4), could be 
described approximately as follows: 

(2) A number of curves for 2; and ke would be avail- 
able. 

(6) A number of curves would be available showing 
which values for the “radiation wattage,”’ arc efficiency, 
bead volume, initial bead temperature, apply to various 
conditions of geometry, welding speed, etc. 

(¢) Using the information contained in the curves of 
part (5), in the curves of (a), it would be easy to draw 
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the cooling curve, for any desired condition of welding 


speed, input and preheat. 
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Appendix I-Method of Experiments 


1. Analogy 


In a previous publication! proof has been given that an 
electric resistance-capacity circuit, with distributed re- 
sistance and capacitance, acts exactly as an infinite wall 
subjected to heat flow. In this analogy, electric resis- 
tivity corresponds to thermal resistivity (i.e., 1/conduc 
tivity), electric capacity corresponds to thermal capacity, 
(1.e., spec. heat X density ), electric voltage corresponds 
to temperature differences, electric current corresponds to 
heat flow, electric charge corresponds to heat content. 

Bodies with distributed electrical resistance and 
capacitance of desired order of magnitude are usually not 
available. But measurement on such a body can be re- 
placed by measurement in a circuit with “‘lumped”’ re 
sistances and capacitances. Mathematically, this 
‘lumping’ corresponds to the replacement of a differ 
ential equation by an equation of finite differences. 

In order to select the electrical specifications for the 
‘‘lumps,’’ the body is considered as being divided into a 
number of geometrical elements of simple shape and form; 
for example, cylindrical shells, small cubes, parallel- 
epipedons. The thermal capacity of each element is 
considered to be concentrated in its center. The resist 
ance to heat flow is represented by resistors, emanating 
from and meeting at the center of each element. The 
validity of such representation for two-dimensional flow 
is proved by Avrami and Paschkis.* 


2. Heat Input 


In this manner a network can be built up which repre 
sents the body to be investigated. The heat source, in 
the case of welding, is moving at a given speed over the 
surface of the plate. Inasmuch as, in the electrical 
analogy, the “‘surface of the plate’’ 1s not represented by a 
continuum, it is not possible to move the source of current 
in a continuous movement over the ‘‘surface.’’ Instead, 
the power supply is connected to one point of the surface 
and remains there for some time, then is disconnected at 
this point and is moved to the next point. The operation 
will be clearer on reading the discussion of the wiring 
diagram, below. 

The dispersion of heat in any one plane, perpendicular 
to the movement of the weld can be considered to be un1- 
formly effective in all directions. Inasmuch as _ the 
assumption was originally made that no heat is lost from 
the surface, shells of the shape of a semi-cylinder, with 
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Fig. 19--Subdivisions in Plate for Representation by Network 


the direction of welding as an axis, form isotherms. 
Thus the problem, originally of three-dimensional nature, 
was reduced to a two-dimensional one; one dimension 
being in the direction and parallel to the weld, the other 
radial from one shell of the cylinder to the next. The 
maximum radius was, of course, 1.5 in., corresponding to 
the thickness of the plate. 


3. Subdivision and Circuit 


Preliminary experiments described below show that it 
would be sufficient to take into consideration a length of 
the plate of */; in. (= 27/3 in.). The radius was consid- 
ered divided into 5 sections, the length into 12 sections. 
Figure 19 shows the subdivision of the plate and the 
dimensions of the individual sections. Figure 20 shows 
the wiring diagram of the circuit, with letters correspond- 
ing to the geometrical subdivision of the plate. At the 
intersection of any two resistors, the electric capacity for 
this section was applied. 

The time ratio between electrical experiments on the 
Analyzer and the welding was selected to be 4.425, i.e., 
one second in welding was represented by 4.425 sec. on 
the Analyzer. One megohm foot represented a thermal 
resistivity of 1/2.844 (hr., ° F., ft./Btu.). 10* micro- 
farad/cu. ft. represented 1.788 Btu./cu. ft. ° F. Tem- 
perature and heat flow scale were repeatedly changed 
during the experiments. 


4. Procedure 


As stated previously, two sets of tests were run. In 
one set, the heat input by ‘‘radiation’’ was represented; 
in the other, the “heat input by beads."’ The “heat 
input by radiation’’ was represented as follows: (the 
procedure will be explained, using a welding speed of 11.8 
in./min.). 

One section in length was taken as '/j2 K °/3 = °/35 = 
0.222 in. long. With a welding speed of 11.8 in./min., it 
takes 5.085 sec. to travel | in., or 0.222 & 5.085 = 1.13 
sec. for one section. 

On the Analyzer, the time per section is found by 
multiplying this time of 1.13 by the time ratio of 4.425. 
Thus 1.13 XK 4.425 = 5 sec. The power supply, then, 
was connected to the point a-0, the current being held 
constant at a value corresponding to the desired input 
rate of a certain amount of watts. That is, in some ex- 
periments, 0.12 ma. have represented 5000 watts. After 
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5 sec. elapsed, the power supply was disconnected fron 
a-0 and was connected to b-0; 5 sec. later it was switched 
over to c-0, etc. (see Figs. 19 and 20). 

The “‘heat input from the beads’ was represented 
follows: 

First, the volume of the bead was selected. Then |? 
condensers each corresponding to the bead volume 
specific heat were preloaded to a voltage correspondi: 
to the fictitious bead temperature. At time zero, th 
first bead condenser was connected to A, and remained 
permanently in contact with a-0. Five seconds later 
(again supposing the speed to be 11.8 in./min.), the next 
bead condenser was connected to b-0, 5 sec. later a third 
one to c-0, etc. Care was taken to make the timing cor- 


rect. It was assumed that the bead drop hit the plate 
at the middle of the time of “radiation heating.”’ If, for 


example, the “radiation heat’’ remained 5 sec. on on 
section, then the bead condenser was connected 2.5 se 
later after the radiation heat was turned on. Actually, 
because of difficulty of timing, only full seconds wer 
used. 


5. Preliminary Experiments 


It has been mentioned that preliminary experiments 
were carried out in order to determine the necessary 
length of the plate which had to be considered. At the 
start, a length of 4 in. was used, which was divided into § 
sections of 0.5 in. each. The thickness was also divided 
into 8 sections. Next, it was decided to have a greater 
number of sections in length. Because of the available 
equipment, the number of radial sections had to be cut 
down. Experiments showed that these two types of 
“network” yielded the same answer. Following this, 
the number of sections in length was gradually cut down 
instead of 12 sections, only 11 were used, then 10, and so 
on. The results were compared. With 8 sections, the 
temperature rise in the middle sections had not yet 
changed as compared with the result obtained with 12 
sections. Thus it was concluded that a length of °/» X 
4 = */; in. would be sufficient. In order to fully utilize 
the available equipment, the °/; in. was again divided 
into 12 sections, and this finally lead to the described 
setup. 


6. Measurements 


The temperatures at various points in the circuits were 
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Fig. 20-—Wiring Diagram of Network 


measured by two special double-point recording electronic 
voltmeters. The interval between two printings of the 
same curve is 14.4 sec. In order to get more accurate 
readings, the two poimts were practically always con- 
nected to the same potential; in other words, the instru- 
ments were used only as single point recorders. 

Because of the rapid changes of temperature, the 
maximum temperature (which, of course, can just as 
easily occur between two “‘printings’’ of the recorder as 
at a printing) was observed and recorded manually. 
The recorder motion stops just before and for a very brief 
period after printing. Therefore, any maximum on a 
rapid changing curve would be more inaccurate if printed 
than if observed. 

The heat flow, represented by current, was measured 
by indicating milliammeters. The ‘‘constant current 
device,” usually provided for working with constant input 
could not be used because of the very small currents 
which were beyond its range. The adjustment had to be 
made by hand, which, of course, is a source of inaccuracy. 

The time was measured mostly by means of a “running 
time meter,’’ having several dials. (On this meter the 
last dial jumps every second and thus is an accurate indi- 
cation of seconds. The higher dials jump at multiple 
(10) values of seconds: 10, 100, etc.) In part, a stop 
watch was alternately used. In accordance with a time 
schedule, the switching was done by hand. With the 
short-time intervals of between 5 and 14 sec. (for the 
various welding speeds) this causes additional inaccuracy. 


7. Check on Constancy 


After the final wiring diagram had been made, and the 
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final subdivision selected, tests were run to check 
choice and to determine if the length of the plate (2?/; in. 
was too small. For this purpose the maximum tempera 
tures at level B were observed and plotted vs. the length 


of the plate. The results are shown im Fig. 21. It can 
be seen that the temperatures in the middle of the plate 
are quite constant. The maximum temperatures at one 


end (where welding begins) are low, and at the other end 
(which is cut off, and considered as being in the middle of 
the plate) very high. This odd looking curve can be 
readily explained. At the start, the steel in the plate is 
by no means heated up. The heat entering a-0 serves 
not only to heat up a, but is lost in part to At 
the end, however, the plate 1s well heated. In the center 


and c. 


of the plate, say in section f or g (Fig. 19), part of the 
heat is used to heat later sections (g¢, /:, et: there is no 
later section that could be heated, once the weld has 
arrived at k. There is, therefore, some possibility that, 


in actual welding, also, the temperatures become higher 
toward the end of the plate. 


Appendix II—-Limitations in Selection of the Time 
Ratio 


In experiments on the Analyzer, the time ratio 1s of 
major importance. In general, it is desirable to extend 
the experiments over as long a period as possible. This 
gives opportunity for better recordings of quick changing 
phenomena. However, too long an extension ol time 
results in drop of accuracy, because of increased leakage. 

For the welding experiments, this question of too long a 
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Fig. 21—-Maximum Temperatures at Level B vs. 


Length of Plate 


Plate 


Fig. 22—Possible Schemes of Bead Shape {,, 


Top Pass 


The speed with which changes in ter, 
perature (voltage in the electrical , 


500 


periments) occur caused another difj 
culty. The available recording electron 


0.4 0.8 1.6 2.0 


1.2 
Length of Plite, inches 


time for experiments did not come up; the only difficul- 
ties came from the rapidly changing temperatures. 

Increase in length of time calls for more equipment. 
The experiments were run with practically all available 
equipment in service. Therefore, since it was impossible 
to extend the time for individual experiments, the result- 
ing sources of inaccuracy will be discussed below. 

The time ratio being limited by equipment, considera- 
tion was given to the possibility of automatic switching 
devices which would do the switching from one section to 
the next at predetermined times. With 5 sec. as the 
shortest interval, manual switching was considered as 
still acceptable in accuracy of timing. Automatic de- 
vices which would have to operate at different intervals 
in different experiments would be quite expensive and, 
for this reason, had to be abandoned. 


voltmeters read inaccurately, if betwee, 
any two printings, the change in voltag 
causes a greater travel of the pointer 
than 25% of the full scale. They ar 
equipped with various ranges. The procedure was ther 
fore such that, during the time of rapid change, the volt 
meter worked on a high range; as soon as the rate 
change became slow enough, the range was changed, s 
that a greater part of the instrument scale could be use 
By way of example it may be mentioned that thy 
voltage was so selected that, at the point of measur 
ment, the maximum voltage was perhaps in the order o/ 
magnitude of 60-80 v. With a full scale range of 240, 
the pointer had to move only 25 to 33% upscale. As 
soon as the cooling rate was slow enough, full scale ranges 
were changed down to the lowest range of 20 v. Th 
voltmeters were originally built for 60 v. as lowest valu 
for full-scale deflection. The circuit was changed for 
the present experiments to have one range for 20 v. and 
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Fig. 24—-Values of k,; for = 0.08 (B Level) 
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nother for 44 v. for full-scale deflection. (The entire 


width of the scale is 25 cm.) 


Appendix II]-—Reasons for Assumption of a Cylindrical 
Groove 


In dealing with the application of a bead to the top of a 
plate, it would appear natural to represent the bead 
either of rectangular or semi-cylindrical cross section on 
the top of the plate as shown in Fig. 22. Such an 
arrangement, however, would turn the two-dimensional 
problem to one of a three-dimensional nature. The 
assumption that no heat is flowing through the top plane 
of the plate would have to be dropped. This would 
make the problem three-dimensional. 


In order to avoid this complication, the semi-cylindri- 
cal grooves were assumed which, on the other hand, may 
be considered as a reasonable approximation to the 
notch actually applied in welding. The semi-cylindrical 
grooves fit in well with the subdivision of the plate into 
(semi-) cylindrical layers. No information which would 
help to select the radius of the groove is available. There 
should be some connection between the radius of the 
groove and the bead volume. But no direct relationship 
is known. ‘Therefore two values, p = 0.06 in. and p = 
0.08 in. were selected. Experiments with both types of 
heat transfer, radiation and bead (k; and ks) were run 
lor both values of p. As typical examples of the result, 
Figs. 23 and 24 are included, which show the 2; values at 
the B level. Figure 23 is taken with p = 0.06 in., while 
Fig. 24 is taken with a p = 0.08 in. Comparing the 
curves point by point, it can be seen that they are close, 
and obviously range irregularly on both sides of a mean 
between them. This mean curve is shown in Fig. 9. 
lhe conclusion was reached that the influence of p, if any, 
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is smaller than the measuring accuracy. Therefore it 
appeared to be advisable to draw one curve based on 
both sets of values (p = 0.06 in. and p = 0.08 in.). 


Appendix IV—Discussion of the Simplifications 


Listed in the Report (Page 465-s) 

(a) It is known that the thermal properties of steel 
actually change with temperature. Introduction of 
changing properties, however, in a two- (or three-) 
dimensional network offers difficulties out of proportion 
to any hoped for improvement (as far as metals are con 
cerned). 

In the network used in the present experiments, to 
take care of changing properties, 115 resistors and 60 
condensers would have to be adjusted in accordance with 
the measured voltage at 60 different points. Inasmuch 
as, at the best, 8 suitable voltmeters were available, each 
experiment would have to be run § times, in order to 
determine the changes in resistance and capacity setting 
as functions of time. The time schedule for the changes 
would probably not be found correctly in the first run for 
each point; therefore at least four more runs would have 
to be planned. One operator could at best handle 10 
units, and this, therefore, would call for 17 or 18 addi- 
tional operators (a matter of expense and of physical 
space in the laboratory). 

A question related to the change of properties with 
temperature is that of correct selection of the average 
property values. In order to find out how much a 
change of properties would influence the results, experi 
ments would have to be run for different combinations of 
thermal properties, all combinations being within the 
probable range for steel. Such investigations are sug 
gested in Section VIII. 

(6) This assumption is again imposed by expert- 
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mental necessities. Of course the tip of the arc on the 
plate does melt the steel. The result is a pool into which 
the drop of the bead is falling. Until it is frozen, the pool 
maintains a source of constant temperature, existent 
even after the arc has passed. In other words, the pool 
and the melting of the plate metal tend to store energy 
which has been transmitted by ‘‘radiation.’’ Thus, in 
the terms of this Report, the influence of k; would become 
more similar to that of k:. In principle, such a procedure 
of melting plate metal could also be represented on the 
Analyzer. It is a question of available equipment to 
make the time ratio long enough, to give sufficient 
time on each step to manually make all the switching 
operations necessary, to represent this melting and re- 
freezing. Because of the limitation in running time for 
one experiment as necessitated by the available equip- 
ment, this simplification could not be dropped. 

(c) This assumption is probably met by actual condi- 
tions to a considerable extent, as may be seen from the 
sharp temperature drop shown in Fig. 18. 

(d) Also this assumption does not entail any serious 
error. The “‘film-resistance’’ (for a given temperature 
difference between plate surface and ambient) is known 
within reasonable limits. The film resistance would be 
represented on the Analyzer by a resistor (without adding 
a capacity), connecting from the ‘‘surface’’ (i.e., those 
points in the circuit representing the surface) to the 
“ambient” (which is the zero potential). With a film 


Bead 


Fig. 25—Isometric View of Sections 


conductance of 750 Btu./sq. ft., hr., F. (including radia 
tion), which is probably the highest value conceivabl 
for a surface temperature of 1500° C., the resistance i1 


the circuit would be 0.534 MO  X sq. in. 


For a surface element of 0.02 sq. in. (8/36 in. axial 
length of the element X (0.166 — 0.06) in. sidewise ex 
tension in the first section, Fig. 25), the surface resistance 
Compare herewith, the radial re 
sistance from the surface to A, with a value p 
1.06 MO. If the surface temperature were only 1000° C 
instead of 1500° C., the resistance would be approxi 


would be 27.0 MO. 


mately 60 MO instead of 27 MO. 


(e) Because of the small thickness of the bead, it is 
believed that this assumption is a fairly good one. 

(f) As welding progresses, the semi-cylindrical groove 
is filled in with welding material (bead). 
of the groove being relatively small, the bead will extend 
beyond the plane surface of the plate (see Fig. 2 
Consequently, in the first layer (level A) the axial r 
sistance should be different before and after the weld 
The cross section shows the situation: 
which the weld has proceeded is indicated by the word 

weld.”” The are travel is indicated by the arrow 
On the left side of the ‘ 
the bead has been filled in; on the right side, the groov 
with the radius is still open. 
axial heat flow in the layer A is larger on the left side oi 
“weld” than on the right. 


‘ 


‘direction of welding.” 


Direction of welding 


— 
Bead 
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Fig. 26—Scheme of Axial Heat Flow, Due to Bead 
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In the experiments this would have to be represented 
5 follows: As the power supply is connected to one 
jter another of the sections, the resistance of layer A 
ould have to be decreased. This would mean a con- 
jderable complication, and one additional operator for 
Therefore, the following approximation 


manipulation. 


was used. 

The area of the bead, as indicated by dense shading on 
the left side of Fig. 26 was calculated from the bead 
volume and from the density of the steel. Two values 
for the axial resistance in layer A were calculated, one 
without, the other with this additional area. Then the 
circuit was set up with the mean value for the axial re- 
stance in layer A. The value which was introduced 
was the mean for the resistance with and without the 
ditional area of the bead. This mean value applies 
for the heat input by radiation as well as that by bead. 
Actually, this ‘“‘mean value” for the layer A should be 
jifferent for each value of bead volume. This in turn 
would mean that, for k;, separate curves would have 
to be set up for each value of bead volume. Much of the 
generality of the curves would be lost. It was therefore 
decided to apply only one, and the same value for A for 
il curves for a given p. This value was based on a mean 
bead volume: 4.24 X 10~* cu. in./in. of length. With 
this bead volume, the taking of an average between the 
resistance with and without the bead area (left and right 
side in Fig. 26) is quite severe. For p = 0.06, the value 
of the axial resistance A with increased bead area is 2.80 
MO; without the bead area it is 5.93 MO. The mean 
value used in the experiments was 4.36 MO. It would 
not be too difficult to drop the above assumption in 
future experiments using more operators. But much of 
the generality of the results would be lost. The influence 
of this approximation can be estimated as follows: 

There would be less heating up by the approaching 
weld; the temperatures in the steel would be lower and, 
therefore, the cooling slower. Moreover, after the arc 
has passed, there would be more heat flowing in the 
direction opposite to that of the weld. This flow would 
again tend to make the cooling slower, the cooling rate 
lower. 

(g) 


The entire operation of the Analyzer is based on 
the “‘lumping”’ of the circuit. The greater the number of 
sections or lumps used, the higher the accuracy. How- 
ever, it has been repeatedly found that a relatively small 
number of sections yields satisfactory results. 


Appendix Reduction of Cooling Curves to the 
“General Solution”’ 


1. Method and Justification of Reduction to General Curves 
The procedure in the analogy method as explained 
above consists of two entirely separate steps: The first 
consists in building a circuit to represent the physical 
structure, the second in applying voltage of current which 
would represent the temperature or heat flow impressed 
on the surface. 
_It is obvious that, for a given circuit consisting of re- 
sistors and condensers, current and voltage are always 
proportional. Applying double voltage, either con- 
Stantly or at a given time schedule, will result at each 
moment and each point in the circuit in a current twice 
as high as that found with the previous voltage at the 
same point in the circuit and at the same time. 


Let m designate the scale factor for the voltage. m 
volt/° F., m designate the scale factor for the current: 
amp./Btu./hr., o designate the scale factor for the resist- 
ance: oohm X Btu./° F., hr. The three scale factors 
are connected by the equation (1). 


m = n-o (1) 
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The scale factor o is determined as soon as the circuit is 
built. 

Of the three scale factors, two can be chosen deliber- 
ately, while the third follows from equation (1). 

After the circuit is built, a given input per unit section, 
for example, 0.12 ma can be impressed. Any energy 
input rate can be said to be equivalent to this selected 
value of current. Thus a scale factor » is determined. 
From the known values of o and n, the value of m results. 
Indirectly, therefore, the selection of the input rate, 
which is said to be represented by the current, determines 
the meaning of 1 volt in temperature. 

It is therefore possible to determine the &; curves as 
follows: The voltage, with a current input per section 
chosen for one experiment as a convenient value, is 
measured. The scale factor m is now selected, putting 
this current equivalent to 3413 Btu./hr. (= LOOO watts). 
From this scale factor n, the scale factor m follows. The 
temperatures based on this scale factor m are plotted vs. 
time. The current is “convenient” if it is within an 
easily read range on the milliammeter, and yields voltages 
which can be read with sufficient accuracy on the meter. 

Concerning the k2 curves, no comment appears to be 
necessary. » is really a fraction of two temperatures, 
and it is obvious that it can also be expressed as a fraction 
of two voltages. In taking the k, curves, no attention 
has to be paid to the scale factors. A convenient voltage 
with which the ‘bead condensers’ are to be loaded is 
selected, and the voltages at various points in the circuit 
are recorded. They are plotted as fractions of the ‘‘bead 
voltage.” 


2. Superimposing the Two Temperature Curves (Radia- 
tion and Bead) 


So far it has been proved only that it is permissible to 
plot general curves k; and ky. The two methods of heat 
input do not mutually influence each other, and therefore 
the separate investigation of the two influences seemed 
appropriate. Before finally accepting the method, how- 
ever, a test was run, in which the two influences were first 
determined in separate experiments and then, subse- 
quently, in one experiment. The results were compared 
and are shown in Fig. 27. Time is plotted on the ab- 
scissa, temperatures on the ordinate. Four curves are 
plotted; one showing the temperature due to radiation 
alone, the second showing the temperatures due to the 
bead alone. The third is the sum of of these two curves 
(adding the ordinates for identical abscissa values). The 
fourth curve is the result of an experiment in which both 
methods of heat input were used simultaneously. The 
agreement between the third and fourth curve is sufficient 
to warrant adoption of the method of superposition. 
The small differences that do occur are due to measure- 
ment inaccuracies, and to difficulties in holding the cur- 
rent exactly constant. 


Appendix VI—-Formula for the Determination of the 
Two Components of the Cooling Curve from a Known 
Over-all Cooling Curve 


As stated in the body of the report, one of the applica- 
tions of the curves for &; and ke. is the breakdown of a 
known total cooling curve into two components, one due 
to radiation (k,), and the other due to the bead (ke). 
Three factors have to be known to carry out such an 
analysis: The arc efficiency, the cooling curve, which is 
to be analyzed and the total energy input (joules/in.). 

The method will be explained below. It is based on: 

(a) The fact that the net energy input has to cover the 
two methods of heat transfer (by radiation, &,), and by 
the bead, k2, and to cover nothing else. 

(b) That the temperature at any one moment is com- 
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Fig. 27—Proot of Correctness of Superpositions 
Curve a, sum of radiation plus bead 


Curve b, total experimentally 
Curve ¢, radiation alone 


Curve d, bead alone 


¢ — 


Tire, seronds 


posed of two mutually independent components, one due 


to radiation, the other due to the bead. 
The following notations are used: 


QY, Total gross input, joules/in. 

QY Total net input, joules/in. 

n Arc efficiency 

g, Net rate of input by radiation, watts 

Vz Net input by the bead, joules/in. 

Fictitous preheat tmperature of the bead, ° C. 

¢ Temperature at a given point in the plate at a 
certain time, ° C. 

t, Component of ¢ due to radiation, ° C. 

t, Component of ¢ due to bead heat storage capacity, 

Cc 


v Weldin g speed, in./min. 


ki, ko, ks factors, defined by equations (2), (3) and (4). 
k, and ky have already been defined. They can be 
expressed by equations (2) and (3): 


ki = (t:/g,) X 103 (2) 
ko = (t./ty) X 10° (3) 


ks is the heat content of the bead for a fictitious bead 


temperature of 1° C. It can be determined from equa- 
tion 4: 


ks = volume of bead (cu. in./in.) X spec. heat 
(Btu./Ib. ° F.) X Ib./cu. in. & 1.8 ™C/? Bx 
1054 (joules/Btu.) (4) 
The following equations (5) and (6) are merely expres- 
sions of previously given definitions: 
Q=Q,-n (5) 
t=t,+ (6) 
(60/v) X g, is obviously the heat input due to radiation. 


The total net heat input Q can therefore be expressed by 
equation (7): 


Q = (60/v) X g, + Op (7) 
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Op => te 


Vz finally can be expressed by equation (8) 


By combining equations (7) and (3), equation (9) js 


obtained, and by combining (6), (2) and (3), equation 
(10) is found: 


0, (60/v) x q; + 
k,-q,-10 + Ro-tp- 10-3 = f (10) 


Finally, from (9) and (10), g, and tg can be found by 
elimination: 


— 


= — (11) 
60 
— 
60 
nQ,-k, 
tp = (12) 
60 
— 


The breakdown (analysis) of a given cooling curve into 
its two components is primarily done by means of equa 
tions (11) and (12). 

It has been mentioned above that the arc efficiency ; 
should be known. While it is recognized that 7 is mostly 
not known, the procedure will first be explained as based 
on a knowledge of ». The temperature ¢ for any given 
time (after the weld reaches the measuring plane) can be 
read from the ‘‘total’’ cooling curve, as obtained by direct 
thermal measurements. For the corresponding time the 
value k, can be read from the chart. ke is different for 
different values of bead volume. Therefore, theoreti- 
cally, an infinite number of solutions is possible. For 
each different amount of bead volume, a different value 
of k; and a different curve for k, would have to be used 
The procedure would then be to proceed to make auxiliary 
charts, showing g, and ty as functions of bead volume. 
The next step would consist in repeating the procedure 
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or a different time (and therefore different values of ¢, ky 
nd &) on a different k, curve). Only such values of bead 
volume which yield reasonable values of g, and ft, need 
be considered. 

The question arises, of course, as to what are ‘‘reason- 
able’ values. First, it is obvious that neither g, nor ft, 
can become negative. Moreover, g, can never exceed 
the value that would be obtained from equation 9, if 
,, = 0. In other words, equation 13 will always apply: 


nQv 
qr < 60 (13) 


An upper limit for tg can be found from the following 
considerations: the temperature at the tip of the arc is 
not exactly known. However, it can be considered as cer- 
tain that this temperature does not exceed 4000° C. The 
fictitious temperature must, in addition, take into con- 
sideration the heat of fusion which, as compared with the 
heat content, might amount to 32%. Therefore, the 
fictitious bead temperature cannot exceed 5333, or, in 
round figures, 5500° C. 

In carrying out actual calculations, it will be found 
that the range of choice is very much smaller. In fact, 
the field of choice will be smaller than plus or minus 10% 
in bead volume. 

This limitation in choice will be still more restricted if 


Reviews of Recent Foreign 
Welding Literature 


(Continued from page 450-s) 
is those on a bead of weld metal, and the accumulations 
of powder will leave fine black lines on the paper. (Ab- 
stracted in Bull. of the Iron and Steel Inst., 1942, Dec., 
b. 65A.) 


RECENT DEVELOPMENTS OF THE TECHNIQUE OF X-Rays 
ININDUsTRY. Ill. Bull. Soc. Francaise des Electriciens, 
vol, 2, 1942, no. 18, pp. 315-326. 

X-ray crystallography, microradiography and what the 
author terms “‘radiometallography,”’ to distinguish it 
from medical applications of X-rays, are reviewed with 
reference to methods, apparatus employed and applica- 
tions to industry. In the first section, the method of 
Guinier for obtaining and focusing a truly monochromatic 
beam of X-rays is described. The conditions for ob- 
taining a correct radiograph are discussed in detail, and 
particular emphasis is laid on the use of X-rays in the 
control of welding operations. (Abstracted in J. of Inst. 
of Metals, 1943, Jan., p. 26.) 


TesTING OF MaTerIaAts By X-Rays. Ill. Z. Elektro- 
chem., vol. 46, 1940, no. 9, pp. 508-512; discussion, 
pp. 512-513. 

Modern methods of radiographic testing materials for 
pores, piping, segregation and cracks are described. 
Appropriate technical X-ray installations are discussed, 
together with the use of fluorescent screens, X-ray films 
and intensifying screens. Methods for locating flaws 
by means of X-ray tubes with a fine focus are dealt with, 
and the use of “‘counter’’ tubes for determining the in- 
tensities of transmitted X-ray beams by their ionizing 
effect is described. In many cases the use of ‘‘counter”’ 
tubes proves superior to, and quicker than, the use of 
films for recording the transmitted radiation, and it is 
claimed that such tubes may be used in place of films in 
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n is introduced as a variable. 7, of course, can never be 
larger than unity; and it is unreasonable to assume that 
it ever becomes smaller than 0.7. 

_ In working out the solution for Figs. 15 and 16, it was 
found easier to work by “cut and try” to find g, and ty 
than to plot curves of g, and t, vs. bead volume for 
different temperatures. 

By way of example, the following figures referring to 
Fig. 16 may be cited: Forv = 11.8 in./min., 7 had been 
found to be 7 = 0.9 and the bead volume was 11.07 X 
10~* cu. in./in. Changing 7 to 7 = 0.87, or the bead 
volume to 10.6 X 10~? either individually or jointly re- 
sults in values for tg and c, which are ‘‘unreasonable.”’ 
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Debye-Scherrer cameras, which may have diameters of 
the order of 50 cm., thus giving high resolution. (Ab- 
stracted in J. of Inst. of Metals, 1942, Jan., p. 26.) 


THe Evectric WELDING oF ALUMINIUM. Aluminium 

(Germany), vol. 22, 1940, no. 5, pp. 266-270. 

Notes are given: The principles and practice of arc- 
welding, including Arcatem, carbon are and metal arc; 
welding by the Weibel or ‘‘Fesa’’ process in which a 
current is passed between two electrodes; resistance 
welding, including spot, seam and butt welding. Ap- 
plications of these processes are described. (Abstracted 
in J. of Inst. of Metals, 1942, Nov., p. 334.) 


THE APPLICATION OF ELECTRIC WELDING IN COMMERCIAL 
Jahrbuch der Schiffbautechnischen Ge- 
sellschaft, vol. 40, 1939, pp. 69-109. 

The article describes the application of arc welding to 
the construction of the holiday cruising ship ‘Wilhelm 
Gustloff” of the German Labor Front. This ship was 
built by the firm of Blohm and Voss in 1936-37, rivets 
being replaced by welding on a very extensive scale. 
Thus the whole of the hull plating as well as the double 
bottom and deck structure are welded. The same ap- 
plies to all the principal bulkheads, engine foundations, 
tanks, hatches, etc. The thickness of plating employed 
varies between 6 mm. on the upper deck to 20 mm. in 
the keel. The total saving in weight of steel plate and 
scantlings by welding amounted to about 1300 tons, ie., 
14% of the total weight of the hull. Over 1'/, million 
rivets were no longer needed. About 100 tons of elec- 
trode material was employed. From the discussion it 
appears that the main difficulty in welding ships is the 
avoidance of internal stresses during the assembly. 
This requires a judicious intermingling of riveting and 
welding processes and it appears that a really satisfac- 
tory and economic solution of the problem requires con- 
siderable practical experience. (Abstracted in J. of 
Roy. Aer. Soc., 1942, Dec., p. 476.) 
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ECENTLY many manufacturers have found it 
necessary to convert their steel welding equip- 
ment to weld aluminum alloys. In contrast, 
we have had the opportunity to study the application of 
a stored-energy spot-welding machine to the welding of 
mild steel. 

Since this type of welding equipment is very precise 
in its heat and pressure application, the characteristics 
of the welds in mild steel could be readily checked. Be- 
cause of its inherent easy welding properties, work on 
mild steel is usually much less of a precision process 


P * To be presented at the Annual Meeting, A.W.S., Chicago, IIl., Oct. 18 to 

1, 1943. 

i Welding Engineer, Yellow Truck & Coach Manufacturing Co., Pontiac, 
ich. 


Fig. 1—The Condenser Discharge Welding Machine Used in 
These Tests 


Stored Energy Welding of 


By John M. Diebold* 
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Fig. 2—Control Panel of Condenser Discharge Welder. 
Note Convenience of Capacitor Regulators, Air Pressure 
Control and Voltmeter with Resistors 


than welding of aluminum, stainless steel and certain 
other metals. Thus while mild steel welding represents 
a great majority of spot-welding production, its study 
is less advanced for quality of work. 

Normal conditions find our plants fabricating a great 
deal of aluminum alloys for motor coach manufacture, 
and we therefore are very much interested in any develop- 
ments in aluminum welding. Aluminum spot welding 
was used for some time in our prewar production, and 
it appears probable that it will be used more extensively 
after the war. Since coach production requires the use 
of large numbers of parts in rather small lots, many 
“job shop” practices are found necessary. Tools and 
various other production implements are called on for 
many different types of operations. It is not uncom 
mon, for example, to pass one of our welding machines 
working on stainless steel, and when returning a short 
time later, find that the same machine has been changed 
to welding aluminum or even silicon bronze. 

After due consideration, a condenser discharge welder 
was purchased for the Engineering Division for study 
of its performance, not only on aluminum, but also whien 
welding other metals. The unit selected was a press 
type welder with 36-in. arms and 6650 mf. capacity 


(Fig. 1). 
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Fig. 3A Typical Set of Coupons Showing Progression of Surface Indentation Due to 
Increasing Heat 


The machine was scheduled in the usual manner on 
aluminum, and then tried on stainless steel, silicon bronze 
and mild steel. While working with the mild steel, two 
interesting characteristics, which suggested new possi- 
bilities for study, were noted: 

|. Unusual equality of strength was found when a 
series of mild steel coupons were welded and sheared. 

2. Specimens had a very clean, smooth appearance, 
iree from burning and with negligible indentation. 

Preliminary work was then expanded, to ascertain 
whether or not this type welder would offer any ad- 
vantages over the standard a.-c. type unit. 

Before describing the study and its results, a review 
of the control characteristics of this machine seems ad- 
visable (see Fig. 2). The control panel includes a con- 
venient air pressure diaphragm regulator (with con- 
version chart), a pair of four-step switches to vary con- 
densers in the circuit, and four verniers to regulate con- 


Fig. 4— Results of Weld Strength Averages on 20-Gage Steel 
Using * ,-In. Diameter Electrodes and 450 Lb. Pressure on 
Tips 
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denser charge voltage, all of which 
make this type of machine admir- 
able for development and com- 
parative work. It will be remem- 
bered that the time element is 
virtually constant, and that heat 
and pressure can be varied in 
any increments desired. The time 
factor, therefore, was ignored and 
heat settings were varied both by 
changing voltage and numbers of 
condensers. 

Preliminary work had given us 
enough information to set up 
approximate pressure ranges, and 
high-low limits on voltage and 
capacitor settings. Possible tip 
pressure variation ranged from 0 to 
2000 Ib. and voltage from 1000 to 
3000. The high limit capacitor 
setting for a particular gage was 
determined by the minimum pos- 
sible voltage setting; and the low 
limit by inability to fuse metal at 
machine peak voltage. Each run 
was started at the point of first 
adherence, and continued, by in- 
creasing voltage, to the point of 
fusion between electrodes and cou- 
pons. Figure 3shows a typical set 
of coupons for a run. The runs were made in this manner 
so that the range would be as complete as possible. 
Three pressures were selected; one at the center of what 
was considered the best range, and one midway between 
the center and both upper and lower outside limits. 
Runs were then repeated for each feasonable condenser 
setting for each of the above pressures selected. All 
stock used was hot rolled, pickled and oiled S.A.E. 1010 
steel, and most of the work was done on rimmed steel 

Most of the material used in production is rimmed 
stock which was used for the regular runs. Enough 
work was done on killed steel, however, to determine 
that the welding characteristics were similar as far as 
strength-heat relationship is concerned. Killed steel 
showed 5 to 10% higher strengths than rimmed stock 
in the same gages. 

The first three gages of steel studied were 20, 1S and 
16 U.S. Standard. The electrode faces used were */ j¢ in. 


Fig. 4 (A)—20-Gage Steel Welded with «-In. Diameter 
Electrode Tips with 600 and 750 Lb. Pressure 
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diameter; and gage pressures of 450, 600 and 750 lb. y { | then 
gage pressure were taken. These were equivalent to 4 oe the ¥ 
electrode tip pressures of 16,000, 21,000 and 27,000 psi., Whe! 
respectively. Voltage increments of 25 v. were used cant 
at first, but were subsequently changed to 50 v., as the | chan} 
latter proved adequate. Duplicate coupons made on ‘ ; gage 
each setting were averaged. Figs 

When the results of the first runs were plotted, it was , | | ity t 
found that instead of a smooth curve, the points were hat curve 
very irregular and no interpretation could be made. 


repre 


Fig. 6 (Top)—Results of Weld Strength Averages on 16-Gage 

Steel Using '/,-In. Diameter Electrode and 450 Lb. Tip Pressure. 

Fig. 6 (A) (Center)—16-Gage Steel Welded with '/,-In. Diame- 

ter Electrodes and 600 Lb. Tip Pressure. Fig. 6 (B)(Bottom)- 

16-Gage Steel Welded with '/,-In. Diameter Electrodes and 750 
Lb. Tip Pressure 


Investigation showed that the coupons had been in- 
advertently taken from two different sheets of steel, 
and the test had to be repeated. This wide difference 
in sheet spot-weld strength was investigated further 
and will be covered more fully later. 

Fig. 5 (Top)—Results of Weld Strength Averages on 18-Gage The curves from the complete sets of runs, on the 


Steel s 18 Gen lighter gages, showed that instead of the usual sweep 
sure. Fig. enter)— age Steel Welded with */;,-In. . | 
Diameter Electrodes and 600-Lb. Tip Pressure. Fig. 5 (B) associated with strength curves, they developed 


(Bottom)—18-Gage Steel Welded with */,.-In. Diameter Elec- series of characteristic tacks (Figs. 4 through 6) which 
trodes and 750 Lb. Tip Pressure did not at first seem reasonable. Careful checks were 
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then made on bead size, and macroetchs were made of 
the weld cross section to study the growth of the bead. 
When these data were matched together, several signifi- 
cant facts were found to coincide nicely with the 
changes of direction in the plotted curves. The heavier 
gage runs do not show all these characteristic tacks 
Figs. 7 through 9) as the machine lacks sufficient capac- 
ity to make a complete welding run. Therefore, these 
curves represent only the forepart of the complete range 
represented in the lighter gages. 


Fig. 7 (Top)—Results of Weld Strength Averages on 14-Gage 

Steel Using */\,-In. Diameter Electrodes and 600 Lb Tip Pres- 

sure. Fig. 7 (A)(Center)—14-Gage Steel Welded with °/,,-In. 

Diameter Electrodes and 750 Lb. Tip Pressure. Fig. 7 (B) 

(Bottom)—14-Gage Steel Welded with */,.-In. Diameter Elec- 
trodes and 900 Lb. Tip Pressure 
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The typical curve (Fig. 10) was found to fall into four 
definite zones determined by the bead growth: 

‘“‘No-Weld” Zone.—This part of the curve bounded 
by the start of adherence at the lower end, and the first 
evidence of actual fusion at the upper end. This evi- 
dence of fusion makes its first appearance as a very 
small nugget about '/s in. in diameter. All of the pre- 
vious specimens had more of the appearance of being 
sweated together rather than welded. (See ‘‘No-weld 
zone,’ Fig. 11.) It will be noted in the macroetch that 
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Fig. 8 (Top)—-Results of Weld Strength Averages on 12-Gage 

Steel Using */,,-In. Diameter Electrodes and 1000 Lb. Tip Pres- 

sure. Fig. 8 (A) (Center)—-12-Gage Steel Welded with °/,¢-In. 

Diameter Electrodes and 1100 Lb. Tip Pressure. Fig. 8 (B) 

(Bottom)—12-Gage Steel Welded with */,,-In. Diameter Elec- 
trodes and 1200 Lb. Tip Pressure 
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Fig. 9—Results of Weld Strength Averages on 10-Gage Steel 
Using Maximum Capacitor Setting and 900, 1000, 1100 and 
1200 Lb. Tip Pressures 
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Fig. 10—Typical Curve Showing the Four Characteristic 
Zones Found in Complete ee Range Studied; with the 
Ideal Setting Shown 


Zone #3 
Best Setting 
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Fig. 11—-Macro-Etchs Showing Development of the Spot-Welding Bead. Note in ‘‘No-Weld Zone,”’ Heat- 
Affected Zone Gives Appearance of Bead But Metal Bands Show That No Fusion Has Taken Place 


while there is bead-shaped heat-affected zone, the - 


of both strips can be followed right through this »,, 


ne 
showing that little if any fusion took place. The aes 
in this phase was found to be rather flat and quit 


irregular. 

Zone 1.—When the point at which the first meta) dis 
turbance is passed, the bead grows very fast and streyor) 
rises rapidly in proportion to voltage increase. Strength; 
are now consistent, but the slightest variation in he», 
is noticeable (Zone 1, Fig. 11). The upper limit of tj 
phase was found to be that point at which the first sj, 
is pulled, or where the bead has reached sufficient gj», 
to be stronger across its diameter than the parent met,) 
around its perimeter. 

Zone 2.—This zone finds the slug size growing wit) 
the bead, since in the case of this stock, slugs were pulled 
considerably before the bead had attained its full siz, 
Strength rises more slowly with increasing voltage joy 
This can be explained when it is remembered that th; 
area of the bead increases as the square of the radiys. 
while the metal area pulled around the perimeter does 
not. The upper boundary of this zone is reached wher 
the bead becomes full size, which is considered to }¢ 
that of the electrode faces. 

Zone 3.—The curve during this phase is almost flat 
and is considered the proper location for best welding 
results. During this zone, the bead diameter growth 
is negligible, and its increase in size was found to be in 
its depth. The end of the phase occurs when the bead 
grows to a few thousandths of an inch from the surfac 
under the electrodes, and the bead diameter again begins 
to grow. It can be seen in Fig. 10 that this zone permits 
a variation of a hundred volts either way from the ideal 
setting in the center without appreciably affecting the 
weld strength. This ideal setting (best setting Fig. || 
would provide variation to compensate for stock thick 
ness variation, and for nominal dirt, scale, etc. As bead 
diameter fails to grow during this phase, slug size re 
mains constant, and strength fails to rise appreciably 
Physical characteristics noted during this phase were 
desirable, and stressed the importance of keeping welding 
in this range. Some of those found are: 

(a) Weld strengths were found very stable even when 
a large number of coupons were run. 

(6) Flashing and spitting was only occasional and 
very slight, even though the only cleaning process used 
was wiping. Expulsions and extrusions were rare. 
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Fig. 12—-Complete Range of Pressures and Heat Studied in 16-Gage Steel Showing the Four Zones Described 


(c) Discoloration of the specimen was slight and 
appeared in the form of a darkened ring at the edge of 
the electrode faces. There was no pitting or burning 
evident. 

(d) Indentation was very slight and seemed to confine 
itself almost entirely to one side. This characteristic 
was used to good advantage subsequently when the 
welding machine was used for production work, since 
the indentation on the one side was so slight that only a 
light disk sanding was necessary to remove all traces of 
the welding. This peculiarity will be enlarged on later. 

(e) Electrode tips showed no signs of overheating or 
mushrooming when welding in this zone even on ex- 
tensive production work. 

Zone 4.—This last phase of the curve is started by the 
resumption of bead growth. Although the bead fusion 
had already reached to within a few thousandths of the 
surface during the last phase, the quenching effect of 
the electrodes continues to hold the fusion at this point 
for a considerable range, and the bead again begins to 
grow outward. The upper end of the range is reached 
when the heat is so great that the electrodes fuse to the 
coupons. During this phase, various faults begin to 
appear that are so often found in production welding 
(Zone 4, Fig. 11); 

(a) Flashing increases sharply, and extrusion and ex- 
pulsion occur in every weld. 

(6) The weld takes on an appearance of a large black 
spot, and the indentation becomes heavy, with surface 
pitting and burring. 


1943 


SPOT WELDING MILD STEEL 


(c) Initial appearance of porosity was found coin- 
ciding with the pronouncing extrusion. 

(d) Strength is higher than the previous zone, but 
is inconsistent, and ductility is appreciably reduced. 

(e) Electrode life becomes very poor in spite of good 
water cooling. 

Figure 12 shows the complete range of heats and 
pressures used on 16-gage steel. These curves are the 
faired average of several separate sets of runs averaged 
with those shown in Fig. 6. It will be noted that the low 
pressures are the first to gain in strength but are crossed 
by the curves of higher pressures at mutual points be- 
tween Zones 1 and 2. This can be expected since lower 
pressure gives higher resistance and heat. It will be 
noted that increased capacitor settings have the ex- 
pected effect of shortening the entire range of the curve. 
The item of most interest is that the ideal setting falls 
within a 250-lb. range on all the different capacitor and 
pressure settings. Furthermore, it will be observed 
that the three pressure settings give almost the same 
strength values, so that pressure may also vary without 
impairing welding quality. 

A typical set of faired curves representing each gage 
tested, using a medium pressure range and capacitor 
setting permitting the most flexible voltage settings, is 
shown in Fig. 13. While these gages range from 20 to 
10, it will again be observed that the curves for the 
heavier gages are not complete, due to the limitation of 
the machine. Thus, while steel as heavy as 9 gage can 
be welded with this machine, best results are obtained on 
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material of 14 gage or lighter. The very rapid 
charge characteristic of the machine proved a handica; 
on the heavier gages, since the rise in required capacity 
is very sharp above 15 gage (Fig. 14), in order to prin, 
the metal up to fusion heat. Because of this sam, 
limitation, the electrode face had to be kept to a six 
below its most efficient ratio with the stock welded. T}, 
largest tip size that could be used was °/1 in. diameter 
even on 9 gage. 
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Fig. 13—A‘Set of Curves of the Even Gages Which Show the 
Best Welding Points 


Fig. 14—Relationship Shown Between Gage Thickness and 
Energy Output Used in Welding 
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work was done in the even gages. 
two reasons: 


WELDING RESEARCH SUPPLEMENT 


It has probably been observed that nearly all of the 


This was done for 


1. Nearly all production work in our plants is done 


with the even gages in preference to the odd gages, jy 
order to lower stock inventory. 


2. Using only even gages permitted a wider range 


study with the same number of coupons. 


Shear Strength 
20 Gage H. R. Steel (.0365) (1) 10008 (& 
Tip Pressure 1400 Volts Cy-Fy Capacitor Setting (2) 10008 (s) ‘0 
3/16" x 3/16" Tip Surface (3) 10008 (6) 9509 
(.042) (1) 11008 (4) 
ip Pressure 1450 Volts Capacitor Setting (2) 11009 (5) 
3/16" x 3/16" Tip Surface (3) 12008 (5) 1009 
1g (0465) (1) 1 (4 
ip Pressure 1500 Volts Capacitor Setting (2) (s) 
3/16" x 3/16" Tip Surface (3) 1300% (6) 13509 
17 (.055) (1) 16008 (4) 18509 
Tip Pressure 1000 Volts C,-P, Capacitor Setting (2) 19008 (5) 19508 
1/4" x 1/4" Tip Surface (3) 1950% (6) 19008 
6 Gage( .0597) (1) 18508 (4) 18509 
ip Pressure 1050 Volte -F, Capacitor Setti 
= 1/4" Tip Surface 4 (3) of 
15 Gage (.07%) (1) 2400p (4) 
ip Pressure 1600 Volts Co-Fo Capacitor Setting (2) 26008 (5) 23508 
1/4" x 1/4" Tip Surface (3) 24008 (6) 24009 
4 Gage (.07) (1) (4) 
7 Tip Pressure 1000 Volts Co-F3 Cavacitor Setting (2) Rot (5) ah 
1/4* x 1/4" Tip Surface (3) 24008 (6) 25008 
(090) (1) 38 (4) 
Pressure 1800 Volts Cy-Po Capacitor Setting (2) (5) 
5/16" x 5/lb” Tip Surface (3) 38508 39008 
2 Gage (.104) (1) (4) 
ip Pressure 1400 Volte Capacitor Setting (2) 37508 (5) 
5/16" x 5/16" Tip Surface (3) 3600% 
Gage (.118) (1) (4) 38009 
1 Tip Presssure 1900 Volts Cyu-Py Capacitor Setti. 
5/16" x 5/16" Tip Surface 38008 
10 Gage (.137) (1) & (4) 
110 ip Pressure 2050 Volts Cy-Fy Capacitor Setting (2) soooe (5) nous 
5/16" x 5/16 Tip Surface (3) 43008 (6) 
= 700 Co-F3 = 30M af. 
= 110 = 5130 
4 = a.f = 0050 af. 
= 2260 a.f Course Setting 
2-Fo « 2b00 a.f P « Fine Setting 


Fig. 15—-Check Run of Best Settings for Each Gage Studied 
Showing Weld Consistency 


These even gages were then plotted on an energy- 
thickness curve (Fig. 14). The energy requirements of 
the odd gages were then interpolated, and their correla- 
tion to the finally selected settings are obvious. All 
points were plotted with the actual stock thickness, due 
to variations from specified size. Such a curve is useful 
for selecting intermediate settings when needed. 

A check run was then made through all the gages using 
ideal settings, and the strength of each coupon recorded 
in Fig. 15. This shows that the strength variation in 
the lighter gages was almost nil, and through the 12 gage 
was less than 6%. Ten-gage steel showed variation of 
16%, but it must be remembered that the welds in the 
heavier gages were considerably below the preferred 
ranges. In all of the ten-gage samples tested, no slugs 
were pulled, proving that the bead size was too small 
for the strength of the parent metal. 

It can be seen that the strengths shown are not in 
proportion to the stock gage, but this was due in part 
to the variations in metal thicknesses encountered from 
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the specified size. In several instances, it was suspected 
that the metal used for the odd gages were extra heavy 
or light stock of the adjacent even gaged stock, as only 
small amounts of these odd gages were available. (See 


Fig. 15 (A).) 


Oddities and Problems Found During Tests 


Several peculiarities pointed out earlier in this report 
were studied further, and some of our findings are now 
presented for your analysis. 


Steel Variation 


Early in our study, a sheet of S.A.E. 1010 hot-rolled 
pickled and oiled 16-gage steel was selected for test runs. 
This sheet had the following composition indicating 
killed steel: 

Carbon, 0.09; manganese, .32; phosphorus, .037; 

sulphur, .027; silicon, .14; alloys, none. 

Hardness was Rockwell B 61-64. 

Hardness on face of weld was Rockwell 101-103. 

Grain size was judged as No. 7 with uniform structure 

and no signs of cold working. 

Ultimate strength, 48,000 psi. 

Elongation in 2 in., 16.1%. 

Average spot weld strength in shear, 1900 to 2300 Ib. 
Over 300 specimens were made from this sheet com- 
prising several complete runs and of this number, only 
five slugs were produced when they were pulled. Re- 
corded strengths were about normal but very erratic 
and failures unusually brittle. Most welds cracked dur- 
ing pulling and some even broke out small, triangular 
pieces (Fig. 16). Such material would obviously give 
unsatisfactory results in production, and one is led to 
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Fig. 15 (A)—Curve Showing Relationship Between the Aver- 
age Strength and the —s — of the Various Gages 
est 
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Fig. 16—Samples of Steel with Poor Weldability That Show 
Cracking in Welded Area and Place Where Fragment of 
Metal Was Broken Out 


suspect that many poor welds which have been blamed 
on the welding machine were really caused by question- 
able steel. 

When this sheet was compared to 7 other 1010 hot- 
rolled, pickled and oiled killed steels (Fig. 17) with good 
welding properties, the following items were noted: 

1. Sheet hardness, grain size, analysis, ultimate 
strength and weld strength seemed normal. 

2. Rockwell B reading on face of weld ran about 30 
points higher than average of rest of stock. 

3. Elongation was 4 to 13°, lower than rest and 
stock showed a lack of proper ductility when subjected 
to a bend test. 

4. Although hot rolled and pickled, this sheet had a 
brighter surface finish than most of the rest. 

5. Annealing improved stock for welding slightly, 
but did not cure its poor welding properties. 

Although the weldability of the other materials used 
in this comparison was good, their ultimate shear strength 
of welds varied from 1750 to 2450 Ib. at proper settings 
(Fig. 18). These strength variations did not correspond 
with the tensile strengths of their steels. Other steels 
have been found which have given even lower weld 
strength values in the same gage, and such strength 
variation is excessive for accurate stress design. 

No conclusions were made from above information 
as it is very limited, and further study is being devoted 
to this problem. However, it is presented to show the 
necessity for a weldability test if spot-welding reliability 
on mild steel is to increase much further. 


Welded Surface Conditions 


The saving in minimizing indentation marks, as com- 
pared with the usual deep depressions, is extremely im- 
portant in many types of work, as the amount of time 
consumed in metal finishing average spot welding will 
pay for a lot of electrode tip service and procedure 
studies. For example, one engine closure door on a 
coach required only 15 min. for welding, but almost 45 
min. for metal finishing. 

It was definitely established that by using No. 2 
Morse taper electrode tips, properly dressed and aligned, 
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on this stored energy machine with proper machine 
settings, welds could be consistently made with no in- 
dentation on one side and only a slight depression on 
the other. The side free of indentation was always the 
same, and surface condition of the welds very consistent. 
Production work done using this factor required prac- 
tically no metal finishing. This freedom from indenta- 
tion was true only on gages lighter than 14, as heavier 
gages seemed to have appreciable marking on both sides. 
This characteristic marking of only one side could not be 
explained, as it will be remembered that the current 
direction is reversed for each weld in the condenser dis- 
charge machine in order to prevent transformer satura- 
tion. Both electrodes were thé same size and type with 
the same face diameter and were even reversed without 


changing the clean side. As the top side was the 0, 
always unmarked, the effect of gravity could be ' 
possible explanation. 


Uniformity of Welds 


A.-C. equipment with short heat timing should giye 
comparable results in flash finish and consistency wit} 
the stored energy machine. Several runs were made 
with a 75-kva. pedestal welder, equipped with electron, 
timer and heat control, but not including the synchronoys 
features. Results indicated that welds had about twice 
the strength variation of those of the stored energy 
welder, and with considerably more indentation anq 
flash. Full synchronous timing undoubtedly would 
improve this condition, but the condenser discharge 


1010 HOT ROLLED STEEL PICKLED & OILED 


Stock Elongation Rockwell Approximate Aver. Spot Chemical Analysis 
Ultimate in 2" of B-Readings Grain Size Strength 
Strength Stock Average Of Microetch (Shear) c Mn Si s P 
47,450 29.44 53 7 - killed 2200 02 .23 -028 .037 
38, 300 27% 38 5 - killed 2450 -O4 25 023 .037 
44,500 21% 60 8 - killed 1750 05 .36 .03 -05 .037 
47,500 10.7% 58 7 - killed 2000 .04 
42,800 24.4% 5 - killed 1900 -05 .28 


47,400 236 59 Killed 
4g , 500 


20.8% 67 7-8 killed 


* 48,000 16.1% 


7 - Killed 


2300 -32 


-020 .0 
* Defective steel for welding ‘ 


Fig. 17--Comparison Between Physical and Chemical Properties of 7 Killed Steels of Good Welding Proper- 
ties and the Steel Encountered of Poor Weldability 


Fig. 18—Two Samples Shown from Steels Listed in Fig. 17 of Almost Identical Chemical Analyses But with 
Decidedly Different Weld Strengths. The Specimens on Left Averaged 1750 Lbs. Shear and on Right 
Averaged 2450 Lbs. i 
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hine showed appreciable advantage in quality over 
the a.-c. machine used. 
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Conclusions 


|. Stored energy welding is excellent for light gages 
of mild steel. The quick shot localizes the heat so that 
with proper electrode care, strength uniformity will be 
very good and metal finishing costs reduced. Although 
not as fast as a.-c. equipment, the higher quality of the 
work makes this process competitive. 

2. With proper settings and fairly clean steel (wiped 
free of grit and excess oil), welding results are not only 
consistent, but flashing and spitting are rare, making 
more pleasant machine operation. 

3. The study showed four definite zones in the weld- 
ing range which correlated conclusively with the bead 
srowth stages. These gave: 


Zone 1. The development of the bead from start of 
fusion to sufficient size to pull slug. 


Zone 2. The growth of slug and bead to full size. 
Zone 3. The bead development in depth, not width. 
Zone 4. The overheated weld, with porosity, ex- 


trusions and other undesirable features. 


The Zone 3 “ideal setting’ offers the advantages of 
clear, consistent spot welds without heavy indentation 
and annoying flashing, which fact should please oper- 
ators as well as supervisors. 

4. Most present-day welding equipment is ahead of 
mild steel specifications now in use, in that the welder is 
capable of delivering more consistent results than pro- 
duction S$.A.E. 1010 steel will permit. Future develop- 
ment in mild steel welding metallurgy seems indicated 
before manufacturing quality can advance a lot further. 
The designer and stress man are badly in need of a set 
of strength values for spot welds that are reliable and 
yet not padded with large safety factors. Steel weld- 
ability control must be established before the above- 
mentioned men have the confidence in spot welding that 
it should deserve. When this is done, the use of welding, 
with all its resulting benefits, can be greatly expanded. 


First Report on Stress Corrosion 
Cracking of Stainless Steel in 
Chloride Solutions 


By M. A. Scheil,t O. Zmeskal,* J. Waber! and F, Stockhausen’ 


Introduction 


HE occurrence of transgranular cracking in 

welded stainless steel equipment has been noted 

and is recorded in the literature.'! The intergranular 
type of cracking has likewise been noted and is also 
recorded.? Stainless steel is by no means unique in this 
respect, since many common metals and alloys, including 
mild steel, are known to fail by stress corrosion cracking, 
though they otherwise are perfectly adapted to the par- 
ticular environment which produces the failure. Gen- 
eral laws controlling this behavior have not been de- 
veloped and each case—such as boiler embrittlement of 
steel, season cracking of brass, etc.—has to be studied 
by itself to determine how the occurrence is to be com- 
bated. For the transgranular cracking of stainless steel, 
the Engineering Foundation has provided funds for an 
investigation at the Illinois Institute of Technology 
under the supervision of the High Alloys Committee of 
the Welding Research Council. This is a report on the 
findings to date. 

Stress corrosion cracking of austentitic stainless steels 
can occur when the alloy is subjected simultaneously to 
stress and corrosion by some specific media and may be 
either transcrystalline or intercrystalline. The former 
type, under investigation, may occur whether or not 
the alloy is susceptible to intergranular corrosion. Of 
the two types of stainless steel—ferritic and austenitic— 


* To be presented at University Research Conference, Annual Meeting, 
A.W.S., Chicago, IIl., Oct. 18 to 21, 1943. 
A. O. Smith Corporation, Milwaukee. 
Illinois Institute of Technology, Chicago. 


the former is found to be practically immune in the 
solutions tested, and four out of five types tested showed 
no cracking whatsoever. The austenitic type, on the 
other hand, exhibited the phenomenon in a positive 
manner. 

The preliminary study consisted of a search for a 
suitable test solution or one which for transgranular 
cracking would correspond to the Strauss solution for 
intergranular corrosion. This search proved to be any- 
thing but simple, though it was fairly obvious that it 
should be sought among acidified chloride solutions. It 
was decided to investigate the basic factors of alloy com- 
position, stress intensity, etc., with the use of plain un- 
welded test strips and to include welding and its effects 
as soon as a suitable technique became available. 


Summary 


The alloys being studied in this investigation are as 
follows: 


Iron and Steel Institute Alloy Type Number 


Austenitic Compositions _Ferritic Compositions 


Type 302 \ 18-8 Type 329 25-3-1.5 
Type 304 | Type 403 \ 

» 4 kT... 12 Cr 
Type 316 | 18-8 Mo Type 410 | 

Type 317 { Type 405 12 Cr Al 
Type 321 18-8 Ti Type 480 16Cr 
Type 347 18-8 Cb 
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TABLE I 
SUMMARY OF HEAT ANALYSIS 
Alloy Material: Type 302 
Lab 
No. Mn Si Ce Ni 
3 -10 50 .018 .O17 42 17.75 9.10 
12 -085 -90 .020 18.10 9.09 
23 -10 -52 .010 18.25 8.47 
4) -10 37 18.79 9.55 
Alloy Material: Type 304 
Lab 
No Cc Mn s St Cr Ni 
13 -06 37-014. 37 18.50 9.45 
29 -03 1 65 Oll 18.52 8.82 
33 53 015 31 18.46 8.85 
Alloy Material: Type 347 
Lab. 
No. c Mn P s si Cr Nt cb 
5 -06 1.40 .015 .017 68 17.19 11.19 79 
14 -07 1.50 .01% .009 47 17.88 11.47 
25 .05 1.40 .007 .010 60 18.56 10.56 -70 
4s 07 1.30 .020 .ol€ 60 18.70 11.20 -81 .02 Cu. 
Alloy Material: Type 32) 
Lab. 
No vn P s cr Ti 
ely -05 1.38 .016 007 -67 18.80 9.75 37 


Alloy Material: Type329 


Alloy Materials; Types 403 and 410 


Alloy Material: Type 430 


No. c Mn 4 § Si cr Ni 
ll -085 016 «43 17.28 18 
22 -08 -008 .010 17.7% ll 
.07 O20 39 17.53 19 


Alloy Material: Type 316 


Mn P si Cr Ni Mo cb 
7 -06 1.60 016 .O1% -60 18.64 12.95 2.4% - 
15 -05 1.60 -O11 .018 17.90 12.10 3.00 
-04 1.21 -012 .015 «46 18.75 10.64 2.73 - 
27 -06 1.51 -018 .008 -50 18.92 13.68 1.90 5h 
> d 1. -017 a 17.56 


Alloy Material: Type 317 


Mn Si 
-06 1.76 e01€ -62 18.12 13.9% 3 
28 -07 1.47 .012 4) 18.95 13-19 3.19 
42 07 1.48 -018 = .015 39 18.42 13.9% 3.49 .0% Cu. 


The heat analysis of the above compositions as re- 
ceived from the manufacturers are listed in Table I. 
With the exception of Type 329, from two to five differ- 
ent heats were received for each type. Table II gives 
the mechanical properties of the alloys, the yield strength 
being particularly useful in establishing the test stress. 

Stress was applied to strips of the various alloys by 
means of the C-shaped specimen, as described in the 
body of the report. With a suitable arrangement, it 
was possible to apply any predetermined stress and with 


a determination of the yield strength of the materia) 
available this stress could be fixed at any level of elastic 
loading. 

A survey was made among a number of the best posteg 
authorities to secure information on a suitable test 
solution to use. Opinion was far from unanimoys 


and 
as a practical procedure it was decided to test 4 


few 
selected materials in the most promising solutions. All 
preliminary tests were made on as-received, jjj. 


annealed stock stressed to the yield point and beyonq 
which gave variable test results. Later, as a result of 
the experience thus gained, certain modifications were 
introduced to secure better all-around test conditions 
Specimens were annealed after forming and then stresseq 
to 90% of the yield point. The 18-8 Types 302 and 304 
steels have been tested in these several promising media 
and the results are detailed in Table VI. From these 
results 60% magnesium chloride acidified with hydro- 
chloric acid to a pH of 4 has given the most promise. 
This solution has cracked all six stressed 18-S com- 
positions within 52 hr. and has cracked Types 321 and 
347 compositions inside 40 hr., but has failed to crack 
any 18-8 Mo compositions in 500 hr. of test. Solutions of 
calcium chloride or zinc chloride cracked only one out 
of six 18-8 compositions in approximately 300 hr. of 
test and a cobalt chloride solution cracked two out of 


TABLE IT 


TENSILE PROPERTIES OF ALLOY STEELS 


Lab. MILL ANNEALED (As Received) 1900° F - 1/4 Br. - AIR COOL 

No. Yield ult. Elong. Yield Ult. 
Strength Tens. $ 2" Strength Tens 
-O1% Set Str. 


-O1lf Set Str. 
ALLOY MATERIAL: Type 302 


‘ 91,700 64.0 32,800 93,100 6: 
12 28,200 89,500 4.0 35,200 91,200 61 
23 29,200 84 , 300 61.0 24,000 8,400 & 
4) 37,400 93,400 59.5 27,000 78,700 56.0 


ALLOY MATERIAL: Type 304 
13 40 ,000 84,800 6.0 
29 24 ,000 85 4400 65.5 
33 26,600 82,600 66.0 


26,500 85,600 
15,300 88,800 64. 
21,100 85,000 66.0 


ALLOY MATERIAL: Type 347 


3 37 ,200 87,300 54.0 28,200 84,650 54 
4 39,500 88, 400 56.0 29,200 84,700 55 
25 36,600 91,500 52.0 26,200 92,700 % 
43 47,500 87,400 50.0 29,000 86,900 5 


ALLOY MATERIAL: Type 321 


4 31,600 87,700 52.0 28,000 87,5 
28,500 86,600 &9.0 


Y MA L: 1 

8 51,000 92,100 56.0 39,500 91,400 22 
28 31,500 85,600 28,200 85,050 60.° 
he 8,400 -0 29,200 84,100 58.5 


83,100 


1425°F. - 1/4 hours - AIR 
ALLOY MATERIAL: Type 403 and 410 


35 ,000 66,300 35.0 32,500 66,350 33.5 
64,600 32.0 26,900 64,850 32.0 


ALLOY MATERIAL: Type 430 
79 400 


43,200 31.0 43,500 77,250 52.¢ 
1 38,200 76,800 23.0 51,000 75,900 25.0 
22 31,000 66,800 38.0 32,600 67,500 37-0 
45 54,000 64,100 41.5 29,000 64,500 38.5 
ALLOY MATERIAL: Type 329 
1825°R - 1/4 Hours - AIR COOL 
© 65,000 102,300 28.0 59,500 99,600 26.5 
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"ves" ina! 
Lab 
No. Mn Si cr Mo 
tat 
6 10 48 .016 52 26.73 3.50 1.49 — Lad. 
No. 
Lab. 
Noe Mn si cr Ni Al 
23 
1 .08 06 12.60 +12 - 
13 
43 
24 
Lob 
? 
ALLOY MATERIAL: Type 316 3 
7 39,600 84,500 62.0 35,100 85,600 5” 
15 37,200 81,100 64.0 28,500 80,500 63.5 
2€ 34100-89700 61.0 26,500 90,500 57. 
Lab 27 35,800 92,000 52.0 26,800 89,900 51.° 
: 32 32,400 84,000 61.5 26,500 85.650 56.5 
six 
prot 
duc 
Alloy Material: Type 309 sor 
ALLOY MATERIAL: Type 309 asl 
Lab. 
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TABLE III 
Satur- DUMARY OF PRELIMINARY TESTS CONDUCTED ( 
MeCla BaCla MgClp CaCly CaCl Ke. Mich CoC 
> we — plus” NaC) Brine Satue- NaCl CuClo-2KC1 Crystalline Crystalline 
Cacla Cacls ph, pa pRy ified 0.798 Solution — Mele 
No No No Ro No No No - - Se 
No 
- - - No 
No No N N No 
N No 
Ke N No N 
No N 8 39 ) 
Yea ye No i No No £ N N 4308 é7 Vertabie* 
24 No N N 
Ye 48 No N N 43 
Yes Yes No Ye 120 4B 
45 
Yes ] Yes 101 No No 48 N 
No Yes No 48 No No 2h 
ndicates specimen contained no eppaorent crack efter “MgCl.” acidified - adjusted to a pH of 4 Solu- 
00 hours. with acetic ana of the solution. con entration le we 
"yes" - indicates specimen cracked in less than 300 hours ae een 2-1/4 hours and MgCl, in © hours. 
The figures give the time in hours to develop a visible crack. 
TABLE III (Continued - 
Be ) preliminary tests before adopting the revised testing pro- 
SUMMARY OF TESTS UNDER REVISED TESTING FROCFDURE, cedure are outlined below. These are detailed in Tables 
COCl, 1.4 kg. 0.75 kg. IV and V. 
Solution mC lo CaCl2 60% Mec) 
Lab. Alloy Saturated 1700 cc. 1700 - 
as None of the ferritic chromium steels cracked in this 
_— ne solution. Of the austenitic types, the 18-8, 18-8 Ti, 
x 36 x 18-8 Cb and 18-8 Mo all cracked. This test solution 
5 = x x x 20 - has shown up well on the austenitic steels and this type 
bi 302 y x x 52 of solution was investigated further under the revised 
x x 36 Magnesium Chloride-Calcitum Chloride Mixtures 
S47 - - - 4o ‘ 
Two different mixtures of calcium chloride and mag- 
nesium chloride solutions were tested and while they did 
5 MT . . - 40 . crack a few compositions, the results were too sporadic 
bad Boiling 40% Magnesium Chloride Acidified to a pH of 4 
. - x - with Hydrochloric Acid 
’ s None of the ferritic chromium steels cracked in this 
316 - - solution, though all the austenitic steels failed in a 
8 - x short time. See Table IV for the detailed examination. 


X - specimen did not crack in 300 hours of test. 


six 18-8 compositions in 300 hr. These solutions all 
produced some pitting attack but none of them pro- 
duced the objectionable green scale which formed with 
some of the other solutions tried. Indications are that 
a slight acidification with hydrochloric acid accelerates 
cracking and if a corrosion inhibitor can be found which 
will prevent the pitting attack but not have any effect 
on the stress corrosion-cracking phenomenon, then a 
promising solution for producing transcrystalline crack- 
ing will be available. In all cases the tests were run in 
hot solutions, at the boiling points. 

Other solutions have been eliminated for further use 
because they interfered with the stress corrosion study 
in one way or another. In some cases the specimens 
became coated with a green scale which was quite ob- 
jectionable and was not readily removed. In other 
cases pitting attack or pronounced corrosion was also 
objectionable as it tended to confuse the study of trans- 
crystalline cracking. A summary of the results of the 
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Most of the alloys took on a green scale which was very 
difficult to remove and a pitting attack was observed on 
most of the specimens. Because of the favorable 
cracking characteristics of this solution, this type of 
test was studied further under the revised testing pro- 
cedure. 


Boiling 40% Magnesium Chloride Acidified to a pH of 4 
with Acetic Acid and Sodium Acetate 


The results of this test were very similar to those with 
magnesium chloride acidified with hydrochloric acid. 
See Table IV for detailed examination. The specimens 
generally had the green scale and also an intergranular 
attack on the surface as shown in Fig. 1. This latter 
finding was surprising since the test samples were in the 
quench-annealed condition. In general, the speci- 
mens cracked in a shorter time than in the magnesium 
chloride solution acidified with hydrochloric acid. 
The characteristic path of the transgranular failure is 
shown in Fig. 2. This type of solution indicates promise 
if a buffer can be found which will prevent the formation 
of the green scale and the general corrosion attack. 
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Fig. 1—Lab. No. 23 Type 302 Mill-Annealed Showing Fig. 2—Lab. No. 12 Type 302 Mill-Annealed Showing 


Typical Transgranular Crack After 24 Hr. in Boiling Pronounced Transgranular Cracking After 24 Hr. in ; ’ 
40% MgCl, Acidified to pH 4 with Acetic Acid and Boiling 40% MgCl, Acidified to pH 4 with Acetic Acid i 
Sodium Acetate. This Specimen Shows Intergranular and Sodium Acetate. 200 x ; 5 
Attack at Surface. 200 x 
7 
8 
For the present it has been abandoned 5 
because of these objectionable features 
Saturated Barium Chloride Solution Boil 1 
ing Acidified to a pH of 4 with Hydro 
chloric Acid 
2? 
rhis solution has shown negative re- 
sults in so far as stress corrosion crack- 
ing is concerned and has been aban 4 
doned. See Table IV for the detailed 
examination. 
Botling Magnesium Chloride-Calcium Boil 
Chloride Mixture Acidified to a pli of N 
4 with Hydrochloric Acid 7 
This solution has likewise given neg 
negative results and has been aban ; 
doned. Bot 
( 
Fig. 3—General Appearance of Stress-Corro- Th 
sion Specimens Tested in Boiling Cobalt un 
Chloride Solution det 
Stress cracking tests on Type 302 alloys i: Bo 
boiling Cobalt Chloride solution (CoCl, satu 
rated at 100° C.): 
(Left) Lab. No. 12—After 260 hr. in test. Par of 
of surface polished to 120-grain finish to identify 
cracks and pitting attack. pe 
(Middle) Lab. No. 23—After 139 hr. in tes' cr 
Surface polished to 120-grain finish to identify sO 
cracks and pitting attack. fo 
(Right) Lab. No. 41—After 164 hr. in test 
Surface polished to 120-grain finish to identi! A 


cracks which are not as pronounced as 
other specimens. 
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TABLE IV 
SUMMARY OF EXAMINATION - PRELIMINARY TESTS 

Lab Alloy Testing Time of Test Wo. of Locations 

No Type Media in Hours Cracks of Cracks Comments 

5 302 4On Melle 48 Innumerable General No green deposit. Specimen failed and was 
acidifi full of stress cracke. 
to pH 4 

33 302 with HAc 24 Many General Heavy green deposit. Fine cracks are evident 
and NaeAc which are most prominent in the cold worked 
boiling corners. Light pitting attack and corrosion. 

4} 302 ” 24 Meny In corners Heavy green deposit. Finecracks in corners. 
Light pitting attack. 

12 302 si 24 Many General Heavy green coating. Polished specimen shows 
pitting attack and many transgranuler cracks. 

23 4302 4 2k Many General Heavy green coating. Polished surface shows 
innumerable transgranular cracks throughout. 
Pitting attack and general corrosion quite 
evident. 

5 347 ss 48 Many General Heavy green deposit. Many minute cracks found 
all over specimen; also pronounced pitting 
attack. 

7 316 = 48 Many General Very light green surface coating, Very 
fine cracks sre evident. 

5B 317 e 24 Many General Light green coating. Specimen failed at 
center. Many transgranular cracks. Inter- 
granular atteck and pitting. 

3 302 40% MgCl 101 Innumerable General Specimen failed; transgranular cracks 
acidifie Fractured edge showed evidence of cold work. 
with HCl 

4 321 to pH 4 48 Innumerable General Transgranular cracks. Also evidence of 
intergranular attack. 

5 347 ” 48 One Center Crack is transgranular. Specimen shows 
pitting attack and general corrosion. 

7 316 101 Many General Same as specimen #5 above.” 

8 317 - 48 Many General Same es specimen #5 above. 

3 302 NaCl 308 Many Corners After polishing, cracks evident in the 
saturated cold worked corners. Light pitting attack 
at 100°% also concentrated near the corners. 

12 302 - 308 Many Corners Cracks evident after polishing. Also some 
light pitting attack in several regions. 

23 302 . 308 None --- After polishing, no cracks in evidence. But 
some pitting attack. 

4} 302 ™ 308 Few Corner After polishing, cracks evident in one corner. 


Very light attack present. 


Boiling 10% Calcium Chloride Solution Acidified with 
Nitric Acid 
Two different acid concentrations of this solution gave 
negative results on stress corrosion cracking. 


Boiling Calcium Chloride Solution 


Only 18-8 steels have been tested and all have cracked. 
This solution appears promising and was studied further 
under the revised testing procedure. See Table IV for 
detailed examination. 

Boiling Saturated Sodium Chloride Solution 

Only 18-8 steels have been tested to date and some 
of these cracked. While this solution showed some 
promise, in the preliminary tests, it did not appear to 
crack the specimens as well as the calcium chloride 
solution and therefore was abandoned. See Table IV 
for detailed examination. 

Acidified Michigan Brine Solution 


This solution has yielded negative results. 
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Boiling Cobalt Chloride Solution Saturated at 100° C, 


Only 18-8 steels have been tested in this solution and 
all were severely cracked. See Table IV for detailed 
examination. Figure 3 shows the condition of the 
specimens as they were removed from test and also after 
polishing the edges. While polishing did not bring out 
cracks visible to the naked eye, it did reveal the pitting 
attack on the specimens and under the binocular micro- 
scope small cracks were shown up very clearly. One of 
the specimens showed a pronounced pitting attack which 
might be deleterious to the test. This solution showed 
promise though it is expensive to use and was investigated 
further under the revised testing procedure. 


Boiling Zinc Chloride Solution 


Only 18-8 steels have been tested in this solution. 
These were all severely cracked. See Table IV for de- 
tailed examination. Figure 4 shows the condition of 
these specimens as they were removed from test and also 
after polishing the edges. These specimens also showed 
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TABLE IV (Continued) 


Lab. Alloy Testing Time of Test Number of Location 
No. Type. Medium in Hours Cracks of Cracke Comments 
1 403 Saturated *300 None --- After polishing, no cracking or pitting 
BaCl 
2 
2 430 acidified *300 None --- Severs corrosion with pitting, evident after 
with HCl polishing, No cracks apparent. This was 
to pH 4 verified with Zyglo test. 
3 302 = *300 None --- No cracking or corrosion evident. 
4 321 " *300 None --- No cracking or corrosion evident. This was 
confirmed by Zyglo test. 
5 347 _ 300 Two Middle After polishing, deep crack in middle of 
specimen is evident, which was also checked 
by Zyglo. Microscopic examination shows up a 
minute crack not verified by the Zyglo test. 
Pitting attack also present. 
6 329 _ 24 One Middle Light green coating. Specimen contains no 
Failure other cracks than the failure. 
7 316 ' #300 None --- After polishing, no cracking or corrosion 
evident. 
8 317 “s *300 None --- After polishing, no cracking or corrosion 
evident. 
* Approximate time of 300 hours. 
3) Saturated All specimens severely pitted. Pits formed 
12) Solution a regular pattern. But no cracks present. 
23) 302 CuClp-2KCl #300 None 
41) * Approximate time of 300 hours. 
Electrolytic tests All specimens very badly pitted. 
bs] 302 2 kg ZnCl, 67 Innumerable General Light pitting attack. Many fine cracks. 
1700 cc 
12 302 solution 139 Innumerable General After polishing many cracks evident. 
Boiling Some pitting atteck,concentrated in cold 
worked corners. Pits appear to be source 
of some cracks. 
24 302 3 139 Not quite Ceneral Cracks evident after polishing. Some 
as numerous pitting attack concentrated in the corners. 
4) 302 ye 139 Innumerable General After polishing, severe cracking apparent. 
General and preferential corrosion very light. 
3 302 CoCl, sat- 308 Innumerable General Light pitting attack. Cracks very fine. 
urated at 
12 302 100° ¢ 260 Innumerable Genera!) After polishing, the entire surface shows 
(BP is 104°C) cracks. Some areas of pitting are quite 
pronounced. 
23 302 “ 139 Innumerable General Specimen appears similar to #12. 
41 302 7 164 Innumerable General Entire surface shows cracks. Pitting slight. 
5 547 13% MgCl 120 Many General Light green coating. Specimen shows 
25% CaCl, transgranular cracks. 
pH 4 
, | 302 1 kg.CaCl 308 Many Near Corners After polishing, many cracks are evident 
made up to which are most pronounced in cold worked 
1700 cc corners. Sever pitting is noted. 
solution 
12 302 boiling 308 Many Near Corners After polishing, a number of deep cracke 
in the cold worked corners only. 
Corrosion is very light. 
23 302 " 308 Many Center end After polishing, deep crack found in 
in corners middle of the specimen as well as in 
the corners. Verified by Zyglo. 
kl 302 ° 308 One Middle After polishing, large crack shows up 
which was verified by Zyglo. Others 
appear to be only incipient. General 
corrosion is light. 
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SUMMARY OF EXAMINATION OF THE SPECIMENS 


TABLE V. 


SSES 
Lab. Alloy Testing Time of Test Number Location 
No. Type_ Medium ‘in Hours of Cracke of Cracks Comments Stress 
ter 
18 iy z 302 4.9 gn. 8.25 Many Corners Pitting in corners also 30 ,000 
MgC, 
i x 302 per gm. 8.50 Many Corners Some light pitting 46,200 
302 B.P.124°C, 6.0 Innumerable Many in Cracking was general, but rather 54,000 
Was Z corners concentrated in the corners. 
302 12 Many Concentrated in corners. 56,000 
302 236 String of Gencral Standing cold eolution 54,600 
ced Cracks 
Up a 
Bt. 3 3 302 . 236 Many General Specimen standing in cold 56,600 
: solution. Some evidence of 
a intergranular attack. 
i 6 329 ® 16 Many Center and No surface attack or scale 56 ,000 
Corners 
3 302 ° 62.25 Many Near Corners Light pitting attack 56 ,000 
1} 403 143 None After polishing, sever cor- - 
4 2) 430 x 143 None rosion attack with pitting ° 
4 but no cracks evident. 
. ; 3 302 5.2 gm.MgCl, 70 Innumerable General Pronounced pitting. Probably 56 ,000 
per gm.H,0. immersed too long. 
B.P.124° C, 
3 302 7gm.MgCl, 169 About 5 Corners Slightly pitted 56,000 
per gm.H.0. 
B.P.10@ C, 
4 
1 ho3 = 4.0 gm.2nCl, 143 None --- Pitting severe, continued testing 54,600 
3 per em -H,0. led to destructive corrosion 
2 4300s 150° C. 143 None Identical to Specimen #1 above. 54,600 
2 The peeling phenomenon occurred 
e with these chrome iron alloys. 
i 21 410 ” 143 None --- Identical with Specimen #2 above. 54,600 
5 3 302 . 43 Many General Light pitting attack 54,600 
321 Few Corners Heavy green scale but some evidence 
- of pitting attack. 54,600 
5 347 , 43 Many General Cracks well distributed; failed in 
the center. Pitting light. 54,600 
6 329 ° 92.25 Several Center Stud broke in 92.25 hours. Near 54,600 
the center there were tiny cracks. 
27 316 cb . SI Failed Center Failure visible. Specimen lost. 54,600 
Hence not examined under microscope. 
5 302 «= 2.0 gm.ZnC 237 Few Uniform Heavy green coating. Some evidence 56,000 
per em.H,0. of pitting and preferential attack. 
3 302 061-0 gm.ZnCl,, 215 Fev Near Corner Partially immersed sample cracked 56,000 
per gm.H,0. in vepor zone. Light pitting and 
B.P.114° C, green scale. 


some pitting tendency which might be deleterious to the 
test. This solution has also shown promise and was 
studied further under the revised testing procedure. 


Electrolytic Test Solutions 
This type of test produced severe pitting and was 
abandoned. 


Boiling Cupric Chloride-Potassium Chloride Mixture 
Saturated 


Strong Zinc Chloride Solutions Boiling 


Various concentrations of zine chloride were used with 


The 18-8 steels were all badly corroded in this solu- the concentration varying from 1 gm. to 5'/. gm. of zinc 


tion. Since none of the steels cracked it hasbeen aban- chloride per gram of water. These solutions all pro- 
doned. duced a green scale and pitting attack which increased 
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TABLE V (Continued) 


Lab. Alloy Testing Time of Test Number Location 
No. Type Medium in Hours of Cracks of Cracks Comments Stress q 
4 502 5.5@ ZnClp 16 Innumerable General Green Coating 46,600 
per g@ 
3 302 B P 180 16 Few Corners Area exposed to vapor phase 56,000 
shows severe attack. 
3 302 . 8.25 Few Center & Some pitting in corners 37,000 
Corners 
3 302 . 8.25 Few General Failed in center. Green coating. 46,200 
3 302 ” 8.25 Many General Failed in center;pitting in 54, ,000 
corners; uniform cracks. 
3 302 ° 8.25 Several Uniform Failed at center; pitting 56,000 
in corners; possible 
intergranular attack. 
3 302 7-25 Many Center & Failed in corner; possible 30 ,000 
Corners intergranular pitting attack. 
7 302 ° 2.25 Innumerable General Pitting and cracking concentrated 46,200 
in corners. Possible inter- 
granular attack. 
302 6.75 Many General Green coating 54,000 
3 302 ” 6.25 Innumerable General Green coating; some evidence 61,000 
of intergranular attack. 39 
in severity with the zinc chloride con. 
centration. These two factors led 
the elimination of this type of test for FD . 


further study. However, this solution 
has produced cracking faster than any 
other solution tried, in one test in 2! 
hr. See Table V for detailed examina 
tion. The characteristic path of the 
transgranular failure is shown in Fig. 5 
The influence of concentration upon 
cracking is shown in Fig. 6. Even this 
test, however, was not able to produc: 
cracking in the straight chromium steels 
though they were severely corroded 
A continuous “metallic” foil fell from 
these specimens. It appears that th 
scale which formed on these specimens 
fell off as the corrosion continued. The 
nature of the scale on the specimens 
tested is shown in Fig. 7. 

A test was conducted in this solution 
to make a preliminary study of the 
change in stress which occurs during 4 
stress cracking test. An electric strain 
gage was cemented on the straight sec 
tion near the bend of a test specimen 
of 18-8 Type 302 steel which was 
stressed to 56,000 psi. It was found 
that the stress on the specimen first 
increased and then decreased with time 
of test. This phenomenon is to be 
studied further as a possible technique 
for detecting cracks and to determine 
Fig. 4—General Appearance of Stress-Corrosion Specimens the constancy of stress during test. 

Tested in Boiling Zinc Chloride Solution 
Stress cracking tests on Type 302 alloys in boiling Zinc Chloride 


High Concentrations of Magnesium 


solution (2 kg. ZnCl, made up to 1700 cc. solution.) Chloride Boiling ; 
(Left) Lab. No. 12—After 139 hr. in test. Part of surface polished Tests similar to those made on zinc 
to 120-grain finish to identify cracks. chloride were also made using magne- 
(Middle) Lab. No. 23—After 139 hr. in test. Surface polished sium chloride and the results were 
to 120-grain finish to identify cracking and corrosion attack. _ a“ iS aol 
(Right) Lab. No. 41—After 139 hr. in test. Note severe cracking very simular. These concentrated solu- 
after removing from test and bending. tions produced a green scale and 
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TABLE VI. 


SERIES OF TESTS UNDER REVISED TESTING PROCEDURE 


Lab Alo Testing Time of Test Number of Location 
Type _ Medium in Hours Cracks of Cracks Comments 
30 CoCl2 Sol. 88 Two Center Light pitting atteck. 
Saturated at 
402 100°C. 318 One Center Light pitting attack. 
(Boiling Point) 
(is 105°. ) 300 None Light pitting ettack. 
mn 302 300 None Light pitting attack. 

30k 300 None Light pitting attack. 

22 404 300 None - Light pitting attack. 

% 302 1.4 kg. ZnCl 88 Three Near corners Very fine cracks; light pitting attack. 

1700 cc. Sol. 
302 Boiling at 300 None - Pronounced surface attack. 
111°¢c. 

2% 302 300 None : Light surface attack with pitting 
4} Oe 300 None - Light surface attack with pitting. 
13 204 300 None - Very light pitting. 

33, 204 300 None - Very light pitting. 

x 302 60% MgClo 20 Few General Deep cracks; light pitting. 

solution 

12 302 acidified with 46 One Center One deep crack; general pitting. 

HCl to acid 

3 302 point of 20 One Center One deep crack; Light pitting. 

methyl red 

4} 402 indicator 52 Many Center Light pitting; many deep cracks. 

(pH 4.4) 

13 704 Boiling at 52 Many Center Very light attack; many deep cracks. 

115°C 

33 304 36 Two Center Light cracks; general pitting. 

5 347 Many General Fine crecks; light pitting. 

14 547 * ko Five General Deep cracks; light pitting. 

25 Many General Many deep cracks; light attack. 
43 347 r 40 Many Ceneral Deep cracks; light ettack. 
2k 321 = 40 Many General Fine cracke; pitting attack. 

7 316 Non - Stressing bolt broke; negligible corrosion. 
27 316 c z 481 None No cracks or corrosion evident. 
32 316 . 481 None - No cracks or corrosion evident. 

8 317 09 481 Nane - No cracks or corrosion evident. 

502 40% MeCl1- 512 None Brown stain on specimen. 

Boiling 
12 302 Point 105°C. 512 None - Brown stain on specimen. 
13 304 512 None - Brown stain on specimen. 
b) 407 0.75 ke. 178 1 At bend Brown stain on specimen. 
CaClo 
1700 cc. sol. 
12 302 Boiling point 300 None - Brown stain on specimen. 
106°C. 
23 402 400 None - Brown stain on specimen. 
hi 302 400 None - Brown stain on specimen. 
13 30k 300 None - Brown stain on specimen. 
33 304 300 None - Brown stain on specimen. 
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Fig. 5—Lab. No. Type 302 Mill-Annealed Showing Typical 
Transgranular Crack After 634 Hr. in Boiling ZnCl, Solution 
Having 5.5 Gm. ZnCl, per Gram of Water. 200 x 


pitting attack. Cracking did not occur as rapidly as 
with the zinc chloride solutions. 


Experimental Procedure 


Preparation of Specimens 


The stainless alloys investigated were supplied through 
the courtesy of several manufacturers. The material 
was furnished mill annealed and pickled from sheets 
in. thick x 8-in. wide x 24 in. long. These were cut 
into strips '/. in. wide x 8 in. length for test specimens. 
Two */j¢in. diameter holes were drilled in opposite ends 
of each specimen and the alloy laboratory number 
stamped on the rolled surface at one end. 
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Fig. 6—Graph Showing the Effect of Concentration on the 
Rate of Cracking. The Steel Tested Was Lab. No. 3 and the 
Stress Level Was 56,000 psi. 
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The specimen was then formed into the C Shape jy 
bending machine as shown in Fig. 8. The flat strip , 
first placed in the bending machine with one end res, Mie 
on stirrup A and the other end free and the qq. fi 
clamped tight in a vise. The lever arm was then {o,,, 
down until the free end of the specimen has beer },, 
90° over the anvil. The piece was removed and thy 
inverted so that the bent end rested on stirrup B, wi, 
upon the device was again clamped in the vise, 7, 
test specimen was finished by bending the remaiy;, 
free end through 90°, as shown in Fig. 9. Type 3 
stainless steel bolts and nuts were made up for use ; 
stressing the specimens. This was accomplished } 
means of stressing apparatus shown in Fig. 10. A q& 
culated load when placed on the notch of the lever an 
put the desired stress on the specimen just within ¢, 
yield point of the alloy. The contact nut was then a 
justed until the lever arm was horizontal and the bg} 
vertical. In this condition the region at the center 
the specimen corresponded to an eccentrically loade 
column. The nut on the opposite end of the specime 


Fig. 7—Sketch Showing Green Scale Which Peeled Off During 
the Testing of the Ferritic Steels as Shown Above, But Which 
Was Difficult to Remove in the Case of the Austenitic Steels 


was then turned until there was a detectable deflection 
of the lever arm. 

An electrical strain gage of the Baldwin Southwark 
SR-4 type was used to check the stress produced by 4 
given load. Fundamentally, the SR-4 strain gage con- 
sists of a group of two fine wires cemented to the surface 
subject to stress change. These wires are connected t 
a portable Wheatstone bridge unit whose unbalance be- 
comes a measure of stress change. During the test 
the two ends of each of these fine gage wires vary in spa 
tial relationship with strains in the surface to which the) 
are cemented. ‘This, in turn affects the resistance of the 
gage wire which varies with elongations or contractions 
of the gage. These variations disturb the balance of 
the bridge circuit, thereby affording a measure of strain 
At the start the galvanometer scale is set at zero with 
the gage attached to the unstressed specimen. As the 
specimen is stressed the galvanometer reading may be 
translated into a stress value with the aid of calibration 
charts determined for the instrument.* 

In this way it was possible to impose a definite and 
known stress on the test sample for the test. The test 
cited above of the variation of stress with time raises 4 
question of the constancy of the stress throughout the 
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Fig. 8—The Apparatus Employed in Bending the Samples 
for Testing 


test. While it seems likely that the changes which were 
| noted were transient in nature, this point should be 
) further studied. 
| Corrosion Testing Equipment 
Seventeen hundred cubic centimeters of the test solu- 
} tion were refluxed in a two-liter, wide mouthed Erlen- 
meyer flask in which the test specimens were placed. 
The 18-8, 18-8 Mo, 18-8 Cb and 18-8 Ti, and straight 
chromium alloys were tested in separate flasks. The 
testing apparatus is shown in Fig. 11. The grouping 
of the alloys is shown below for testing in any one flask. 


Fig. 9—Showing the Shape of the Bent Specimen 


Grouping of Alloys to Avoid Galvanic Action 
Alloy Type Laboratory No. 
302, 304 3, 12, 13, 23, 29, 33, 41 


316, 317 7, . 15, 26, 27, 28, 32, 42 
321, 347 4, 5, 14, 24, 20, 13 

329 6 

309 16 


The specimens were removed every 24 hr. and exam- 
ined visually for cracks. Generally, 300 hr. was the 
maximum time for testing any one alloy, after which 
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they were recorded and filed away. 


ontect 


Test 


Semple 


YY 
U4) Y ff 
Fig. 10—Shows the Apparatus Used in Loading Specimens. 


A Specimen Containing the 3 Necessary Nuts in Place on 
the Stud Are Also Shown 


Modifications in Testing Procedures 


From the results of the preliminary tests, certain 
modifications were introduced recently in testing the 
solutions which had shown the most promise for produc- 
ing stress corrosion cracking. In the preliminary tests, 
it was found that the cracking concentrated in the cold- 
worked areas at the 90° bends in the specimen. To 
remove the effects of cold work the practice was adopted 
of annealing after forming. The following annealing 
treatments are being used for the alloy steels. 

Alloy Type Heat Treatment 
302, 304, 316, 317, 
321, 347, 309 
403, 405, 410, 430 


329 


>» 1900-1925° F., '/, hr., air cool 


1400—1425° F., ' 
1800—1850° F., 


, hr., air cool 
4 hr., air cool 


The specimens are then sandblasted and the sides and 
top surfaces polished to a 120-grain finish. The speci- 
mens are stressed to 90% of the yield strength to obtain 
the same proportional stress values on all the steels. 
The yield strength and tensile strength for the steels 
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have been determined both in the mill-annealed condi- 


tion and after the annealing heat treatment in the labora- Addendum to First Report On 
tory, as shown in Table II. The specimens are then , : ' 
wre Beth in warm 20% nitric acid (140° F.) for 30 min. Stress Corrosion Cracking 0) 
prior to testing. These modifications in the testing pro- Stainless Steel in Chloride 
cedure were introduced in the revised testing procedure “ 
using the media selected as the most promising for more Solutions 
detailed study. 
By M. A. Scheil, O. Zmeskal, J. Waber and F 
Stockhausen 
Future Work RELIMINARYtests have been completed on colyp, 
bium stabilized steels to determine the threshho} 
It is recommended that additional work be concen- stress below which transgranular cracking will no, 
trated on acidified magnesium chloride solutions. If occur. Type 316 Cb and Type 347 alloys are being use 
pitting attack or corrosion becomes pronounced, chemi- [0T this investigation, Specimens were stressed , 
cal inhibitors should be investigated which would pre- 29, 30, 50, 70 and 90% of the yield point, respectively 
vent the deleterious attack but which would not inter- @0d tested for a 24-hr. period in boiling 60%, hydrated 
fere with the stress cracking phenomenon. It will also ™agnesium chloride acidified with hydrochloric acid 4 
be necessary to study the effect of acid concentration 
during test and its possible variation to obtain a testing 
solution which will remain constant. The most satis- 
factory test solution should be used to study the alloys 
at different stress levels to determine the threshold stress 
necessary to precipitate transgranular cracking. Sub- 
sequently, heat treatment should be studied to deter- 
mine its effect on the threshold stress values. With 


— 
this as a basis welded samples and the important vari- 6c) 
ables of welding procedure should be studied. $l 

$47 

347 
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Fig. 1 Showing Fine-Branched Cracks. Notice Crack Which 
Comes Out of Pit and Other Crack Which Does Not. 100 » 
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TABLE I 


Chemical Analysis of Alloy Heats 


Alley CHEMICAL AWALYSIS 
Waterial C$ Mm P s Si ~ Wi Wo Gb 
$16Cb 27 1.51 .018 .008 .50 18.92 13:68 1.90 .54 
colun $47 25 205 1.0 2007 2010 «60 18.56 10.56 e70 
eshhol $47 43 207 1.30 e020 =«.018 18-70 11420 81 
Will no 
TABLE II 


cid Tensile Properties of Alloy Steels 


ancy Lab. 1900°R, hour Air Cool Furnace e001 to 300*P 
Material No. Yield ° Elong. Yield Vitimate Elonge 


S Stre Tensile %in Strength Tensile % in 

“z= -01% Strength 2" 01% Strength 2" 

Set Set 

27 26,800 89,900 51.5 37,800 94,200 49.0 

zs. $47 25 26,200 92,700 50.0 31,000 92,800 47.5 

ni 347 43 29,000 86,900 52-5 33,000 90,100 49.5 

= TABLE III 

x Tests on Columbium Stabilized Steels Tested in Boiling 60% Hydrated Magnesium 


Chloride Acidified with Hydrochloric Acid to pH 4. 


= Alloy Lab. Spec. Heat Stress Time of Location Comments 
~, Type No. No. Treatment Used Test of 
% of in Cracks 
3, Y.P. Hours 
316Cb 27 28-1 1600°F 207% 257 none No evidence of attack 
28-2 2 hours 30% 257 none 
28-3 Furnace 50% 257 none 
28-4 Cool to 70% 257 none 
28-5 300°F. 90% 257 none 
347 43 29-1 1600°F 20% 22 general Fine, branched cracks; 
2 hours many pits. 
347 43 29-2 Furnace 30% 22 general Fine, branched cracks; 
Cool to many pits. 
347 43 29-3 300°F. 50% 22 general More cracks than above, 


many branches with pit-— 
ting on surface. 


: 316Cb 27 29-4 70% 22 none No evidence of attack 
347 43 29-5 90% 22 general Many fine branched 
cracks with pitting. 
347 25 30-1 .1900°F. 20% 23 concentrate Wide short straight 
+ hour in corners cracks, not as numer-— 
Air ous; no pitting. 
347 24 30-2 Cool 30% 23 concentrate Same as 30-1. 
in corners 
347 25 50-3 50% 23 concentrate More cracks than 30-2. 
in corners 
S47 43 30-4 7T0% 23 concentrate More cracks than 30-2. 
in corners 
547 43 30-5 90% 23 concentrate More cracks than 30-2. 


in corners 
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pH 4. One series of alloys was given a stabilizing heat 
treatment at 1600° F. and another series of alloys was 
annealed at 1900° F. 

The preliminary results show that (1) the molybdenum 
bearing Type 316 Cb does not stress crack in this test 
solution at any stress level, (2) Type 347 Cb alloy cracks 
inside of 24 hr. even though the stress be as low as 20% 
of the yield point, (3) a 1900° F. annealing treatment on 


Fig. 3—Section of Surface on Type 347 Alloy, Lab. No. 25 


Annealed at 1900° F. and Stressed to 50% of Yield Point and 
Tested in Acidified 60% MgCl, -6H,O Boiling. 7 


- 


Type 347 alloys produces straight cracks normal to the 
surface which are quite wide at the surface whereas a 
1600° F. stabilizing treatment produces fine-branched 
cracks angular to the surface, many of which emanate 
from surface pitting which is quite pronounced and the 
cracks are more numerous and (4) the cracking appears 
to be more pronounced at higher stress levels. The de- 
tailed results are shown in Table 3. 


Figures 1 and 2 show a cross section of the 
alloy stabilized at 1600° F. and then stressed 
yield point tested in boiling 60% hydrated Magnesiyn 
chloride acidified with hydrochloric acid. Figure | sh 
the general appearance of the cracks. Figure 9 shoes 
the nature of the transgranular cracks with a typical sy; 
face pit and the characteristic branched cracks _ j 


> Type 347 
of th 


ri 
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Fig. 4—Cross Section Through Same Specimen as Shown in 
Fig. 3 Showing Short Wide Boy Cracks Normal to Surface. 
x 


Figures 3 and 4 show a cross section of the Type 34) 
alloy annealed at 1900° F. and then stressed 50% of th 
yield point and tested in boiling 60% hydrated magne 
sium chloride acidified with hydrochloric acid. Figur 
4 shows the general appearance of the cracks. Figur 
4 shows the nature of the transgranular cracks whic! 
are quite wide and straight and are normal to the surface 
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HE purpose of the hammer test is to cause a 

pressure vessel to fail at any point along a weld 

where a flaw exists that is large enough to cause 
the vessel to fail in service. The test is carried out by 
striking the vessel with a hammer of specified size along 
the weld in a specified manner while the vessel is sub- 
jected to a specified internal pressure.{ In order to 
evaluate the effectiveness of such a test it is necessary 
to determine by measurement the state of strain as a 
function of time in the vessel as caused by the hammer 
blow. Enough measurements must be made to give at 
least a qualitative measure of the strain and to deter- 
mine the manner in which the strain is distributed 
throughout the metal of the vessel. 

It is the objective of this investigation to gather some 
data composed of strain-time measurements so that 
some evidence will be available to help decide the 
effectiveness of the hammer test of welded pressure 
vessels. 

Steel to steel impact such as the blow of the hammer 
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¥ *.This work was carried out for the Chicago Bridge and Iron Co. by the 
Armour Research Foundation with the cooperation of Mr. H. C. Boardman 
Research Engineer, Chicago Bridge and Iron Co. To be presented at Annual 
Meeting, A.W.S., Chicago, Ill., Oct. 18 to 23, 1943. 

t Armour Research Foundation. 

$ AS.M.E. Boiler Code Specification U-77 Unfired Pressure Vessels, 1940 
Code, page 74. 


The Hammer Test for Welded Pressure 
Vessels: an Investigation 


By C. O. Dohrenwend' 
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in this test is a phenomena of extreme rapidity. The 
time involved in the impact is very short and the time 
rate of change of strain is quite large. For this reason 
it is necessary to select a method of measurement that 
can follow rapidly changing strain phenomena, and 
produce suitable strain-time recordings. The type of 
instrumentation selected for this work was the Baldwin 
Southwark SR-4 Type C-1 resistance electrical strain 
gage. This gage was used with a potentiometer type 
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+H + it mee nished with a single sweep that 
. was recorded on the desired positio, 


Fig. 2—Frequency Response of Impact Gage Amplifier of the oscilloscope tube. The swee; 
Constant Input characteristics are shown in Fig. ; 

where the horizontal speed is plotted 

of circuit recording the strain-time function by the use 

of a 3-in. cathode ray oscilloscope and camera attach- seeseseces 

ment. The amplifier and gage circuits were designed SE? 

and constructed especially for this work. The block cones sens: 


diagram of the arrangement is shown in Fig. 1 (a) and cose: 
the detailed circuit diagram of the amplifier is shown ses: 
This type of equipment is suitable to obtain strain- 
time records of high frequencies. The instrument as cages 
developed produces a trace of the strain-time function ss: 
with the strain as ordinate and the time as abscissa. tt 
The amplifier unit was inspected for its characteristics SESE sone 
before the work was begun. The response of this seass paces 
amplifier to a constant input at different frequencies 
from 10 cycles per second to 100,000 cycles per second suse: GOO 
plotted as a function of the output voltage is shown in as a ft 
Fig. 2. Since the frequency for the phenomena of ineeesousssese=sseeg syseesecesssessseess sess: spot. 
hammer blow strain was found to be around 1000 cycles sos the u 
per second the amplifier was thought to be adequate in 4096 | 
frequency response as it has good characteristics from 2555655556 above 
300 cycles per second to 6000 cycles per second as shown show: 
by the curve of Fig. 2. The unit was further inspected per s 
for phase shift at 1000 cycles per second and above. This nome 
was done by using strain gages placed definite distances 600 i 
apart on longitudinal impact pendulum bars. The bar 'ss 1 in. 
had 4 gages placed along its length, 2 in., 16 in., 24 and setessseses sessesi 5 HHA HHH and 
32 in. from its struck end. The pendulum bar was 1 in. Tiiriiuiitittte  tinhih bite the | 
in diameter and 48 in. long and the striking end was SSGus sgeuuSeeesseeussegesceucsssecessuce sues linez 
machined to a spherical surface with a 2-in. radius. dure 
This bar was then struck by a second bar of the same T 
dimensions as the first bar. The wave form for each to 1 
gage was recorded. The result of these recorded wave Fig. 3—Amplifier Response to High Frequency Impressed usin 
forms was compared to the type of wave form that one Impulse—Applied by Longitudinal Bar Impact The 
might expect by the Hertz-St. Venant Impact Theory.* Scales Horizontal—time 1 in. = 0.00056 sec. was 
The wave form recorded is close to what one would ex- Vertical 9—strain osci 
pect, so only a little phase shift is present in the amplifier. me: 
The results of this determination are shown in Fig. 3. SINGLE-SWEEP CIRCUIT was 
The gage 2 in. from the struck end corresponds to cat 
1100 cycles, the 16-in. gage position to 1600 cycles, the 1OMFD.ELEC wh 
24-in. gage position to 2100 cycles, and the 32-in. gage it | cat 
position to 3200 cycles. After the two characteristic for 
determinations for the amplifier were made the unit was onc — | 
accepted as suitable for measurement of hammer blow etn Le sh 
strains in a welded pressure vessel. ov i “eas in 
In order to obtain a good record of the strains gener-  ~— “8 ta 
ated by the hammer blow it was necessary to have an : 4 
its 
* Fanning, R., and Bassett, W., ‘Measurement of Impact Strains by Carbon co 
Strip Extensometers,”’ Journal of Applied Mechanics, March 1940. 
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Fig. 5—-Crosses, Circles, Triangles and Squares Represent Values Obtained from Four Different 
Measurements of the Same Phenomena 
as a function of the horizontal position of the cathode ray a.-c. type. This means it has no response for steady 
spot. These measurements of speed were determined by strain conditions, or low frequency strain variations 
the use of standard tuning forks of 512, 1024, 2048 and (see Fig. 2). It was decided to calibrate by mechanical 
4096 cycles. Strains at these cycles are shown in Fig.5 means with the use of a tuning fork at SO cycles per 
above the sweep characteristic curve. The plot in Fig.5 second. The strain value was first read by the use of a 
shows speeds varying from 750 in. per second to 450 in. second amplifier using a different type of strain gage 
per second during the 3-in. sweep. Most of the phe- 
nomena recorded were at an average sweep speed of 
600 in. per second. The average time scale is taken as 
| in. of sweep equal to 0.0015 second. The exact speed 
and time interval can be found at any position along 
the axis by the use of Fig. 5. This sweep, while not 
linear, gave a measure of the time interval of the strain 
durations. 
The records were taken on 35-mm, film and enlarged 
= to the original size. The records were obtained by 


using an f 0.95 lens mounted to a Leica camera box. 
The lens camera box unit was mounted to a tube which 
was the proper length to give automatic focus to the 
oscilloscope. This tube makes it possible to make 
measurements in direct sunlight. The camera shutter 
was set to time position, the shutter opened with the 
cathode ray spot off screen position, the hammer dropped 
which automatically caused sweep and exposure. The 
camera shutter was then closed and the film advanced 
for the next measurement. 

The complete unit set up for field measurements is 
shown in Fig. 6 and the setup in the laboratory is shown 
fs in Figs. 7 (a2) and 7 (6). Figure 7 (c) shows gages at- 
tached to the back of a flat plate. 

_ Before the unit could be used it was necessary to have 
its calibration. The only calibration method that 
could be used is dynamic as the amplifier unit is of the 


ER § 1943 HAMMER TEST OF PRESSURE VESSELS 509-s 


a bs 7 
Fig. 6 


circuit, the bridge type.* This bridge type responds to _ static strains as well as dynamic strains up to 150 eyg, 


: * Dohrenwend, C. O., and Mehaffey, W. R., ‘‘Measurement of Dynamic The same strain was also measured with the 
Strains,’’ Journal of Applied Mechanics, June 1943. 


amMplifie 
that is being calibrated. Since the bridge intel uns 


was calibrated statically, the fork strain as determj,, 
by this unit was used as the strain in the fork. 7 
result used with the record of the unit being calibra;, 
allows the calibration. The result of one of th 
measurements is shown in Fig. 8 and the calibra; 
curve at 80 cycles is shown in Fig. 9. The gains mar, 
on the curves of Fig. 9 are arbitrary numbers taken jr, 
the amplifier gain control dial. The higher the nym}, 
the higher the amplification or gain of the unit. Sjy 
the amplifier does not have the same output at 
cycles as it does at the frequencies of the measuremey 
that are to be made, it is necessary to make a conversig, 
This conversion from 80 cycles to any other cyck ; 
made by proportion. ; 


output 80 cycles 


Strain at x cycles = 
‘ output x cycles 


strain SO 
calibration. 
From Fig. 2 it is clear that the output is constant frog 


about 300 cycles to 6000 cycles for a constant input 
This is the range at which the amplifier is to be us 


Fig. 8—Calibration of A.-C. High-Frequency Amplifier 
(a) (Top) Bridge circuit amplitude modulated record; 
change 1 in. = 5.2 & 10>‘. (b) (Center) Potentiometer ci: 


record gain 65; strainlin. = 8.6 x 10-4. (c) (Bottom) Potenti me- 
Figs. 7 (a), 7 (b) and 7 (c) ter circuit record gain 85; strain 1 in. = 2.9 x 10-4, 
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Fig. 12—Electrical Strain-Gage Positions 
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Fig. 11—Electric Strain-Gage Positions—Tank 1 


The strain measurements are determined from the SO 
cycle calibration by the use of the following, 


16 
- strain 80 cycle calibration 
- strain SO cycle calibration 


gages were used gn the measurements 
-the 350 ohm resistance and 450 ohm resistance. 
Before discussing any of the strain-time functions as 
measured it is desirable to examine the variables in the 
problem by the use of dimensional analysis. 
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Fig. 13—Electrical Strain-Gage Positions—Tank 3 


M represent the mass 
v represent the striking velocity 


For the tank let, 


t represent the tank wall thickness 
R represent the radius of the tank 
E represent Young’s modulus 

p represent the density of the tank material o 
o represent the maximum stress at point 0 E 
« represent the maximum strain at point 0 


p represent the internal pressure of the tank My? 


The quantity desired is the maximum stress o or the 
maximum strain e at some point 0. Let us further 
confine our discussion to tanks with pressure p = 0. 
This really does not limit our discussion since it is 
demonstrated later that the pressure p does not in- 


fluence the transient strain (see Fig. 18). The variables further reduced to, 


GAGES ON 
ex er OUTSIDE SURFACE 
A r 
L Lj RECTLY BEHNO 
THOSE ON OUTSIDE 
e* 2%" | | SURFACE 
“| 
HAMMER BLOWS AT W, 
Fig. 11-——Electric Strain-Gage Positions for Shell Tests 
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th tities Me" 
quantities, 


BEHIND A GAGES 


HAMMER BLOWS AT W,X,¥e2 

Fig. 15—Electric Strain-Gage Positions for Flat Plate Tests 
that the maximum strain may depend upon are six and 
by the + theorem there are then three dimensionless 


quantities which may be expressed as a function of the 
maximum strain ¢ or stress o as follows, 


Mo ore = (Me 4 
F\ Et’ Vij, R EP’ R 


If each vessel is to have the same maximum strain then 


v 


’ g should be the same. In 


VE/p ® 


large pressure vessels the t/R term is a small number and 
the strain measurements indicate that it has little effect 
(see Figs. 19 to 22). 


The functional relation can be 


Et” JE Jp 
It is interesting to calculate on 


this basis the conditions that should 
be controlled in order that the same 
maximum theoretical strain be 
reached for the range of thicknesses 
considered in this investigation, 
to in. The term £ p 
can be controlled by making the 
velocity of impact the same and the 
Mv*/Ft can be controlled by mak- 
ing the mass of the hammer suit 
the case. If a 5-lb. hammer is used 


for a tank with '/: in. wall thick- 
ness the hammer weight for the |* « 
in. wall thickness to keep 
constant 


is found to be 214 |b. 
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where 
aoe sents the density of plate material 

represents Poisson's ratio 

E represents Young’s modulus 

} represents the half thickness of the plate 
fhe common wave equation F(x + of) is not a solution 
ind the plate will not have waves traveling in it at 
constant velocity and unchanged shape. It is im- 
oossible, therefore, to associate the term wave velocity 
with this kind of phenomena. The fact that the hammer 
fect produces disturbances at points remote from the 
‘icinity of the blow by the action of waves is probably 
correct, but the waves are not of a simple type and will 
depend on the frequency of the disturbance. The rate 
t which the disturbance reaches measurable size at 
various places in the tank or plate cannot be easily 
letermined. 

In order to give a physical picture of the kind of action 
that is probably taking place Fig. 10 shows the dent 
in amembrane caused by a falling mass. Three positions 
{ initial impact with respect to diaphragm center are 
shown. Although this analogy is exceedingly crude since 
the effect in the plate is primarily bending (see Figs. 20 
ind 22) and in the membrane tension, the picture helps 
it least from a qualitative point of view to visualize the 
hammer action. 

Five groups of measurements were made during the 
investigation. They may be classified as follows: 

Tank 1—This tank was 53 in. in diameter and had a 

wall thickness of 0.527 in. (see Fig. 11). 
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Fig. 19--Mechanical Hammering Open Shell 


Scales Horizontal—time 1 in. = 0.0015 sec. 
Vertical —strain lin. = 0.00049 
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Fig. 20--Mechanical Hammering Open Shell 
Scales Horizontal 


Vertical 


time 1 in. = 0.0015 sex 
strain lin. = 0.00049 


Tank 2—This tank was 108 in. in diameter and had 
a wall thickness of 0.947 in. (see Fig. 12). 

Tank 3— This tank was 120 in. in diameter and had a 
wall thickness of 1.75 in. (see Fig. 13 

Open End Shell-—-This structure was 96 in. in diameter 
and had a wall thickness of 0.687 in. (see Fig. 14). 

Flat Plate—This plate was 60 x 4S in. and 0.500 in. 
thick (see Figs. 15 and 7) 

The first part of the investigation concerned itself 
with the strains caused by hand swinging of the hammer 
on Tank 1. This served both to adjust the equipment, 
and determine what kind of mechanical hammering 
that could be used to obtain better control of impact. 
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Fig. 21—Mechanical Hammering Flat Plate 


Scales Horizontal—time 1 in. = 0.0015 sec. 
Vertical—strain lin. = 0.00049 


It was found immediately that the position of the 
weld with respect to the hammer or gage made no 
noticeable difference in the strain-time function recorded. 
The position of the weld with respect to hammer and 
gage had little importance in the determination of the 
strain-time function. Due to the difficulty of striking 
the same place with the same type of blow with the 
hammer by hand, the hand hammering gave results 
quite erratic. Table 1 shows some of the strain values 
of the hand hammering on Tank 1. In this test the 
strain was measured at two points with respect to the 


Table 1—Hand Hammering Tank 1 


blow. One blow 5 in. from the gage point along the y 
axis, and the other 5 in. from the gage point along th, 
Y axis. The X axis is taken as parallel to the longityg; 
nal axis of the tank, and the Y axis is taken as per. 
pendicular to the longitudinal axis of the tank. 

Figure 16 shows the results of typical hand hammerinp 
strain-time functions recorded. In all the figures of the 
results the field records are shown to the right and ty, 
curves to the left are tracings of this record on grap 
paper. Tension strains are below the zero position ang 
the compression strains are above the zero position. ], 
the original the values are full scale and the smalley 
division on the graph is 0.05 in. ; 


canes 


a = 
iz 


e, Strain Along the Y 
Axis; Blow and Gage 


€y Strain Along the } 
Axis; Blow and Gage 


Tank Point on XY Axis Point on Y Axis 
Condition «, X 104 X 10 X 10* X 10° 
Empty 40 56 42 32 

34 35 33 25 
41 45 41 27 + 
28 37 56 34 
31 42 46 30 
Water in 51 50 50 32 
tank 47 36 33 30 
52 33 28 31 
Tank under 44 6 36 30 
pressure 46 50 42 32 
51 50 32 
516-s 


WELDING RESEARCH SUPPLEMENT 


Fig. 22—Mechanical Hammering Flat Plate 


Scales Horizontal—time | in. = 0.0015 sec. 
Vertical—strain 1] in. = 0.00049 
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Fig. 23—-Mechanical Hammering Tank 1 Fig. 24—Mechanical Tank 


Seales Horizontal—time ] in. = 0.0015 sec. Scales Horizontal—time ] in. = 1015 se 
Vertical—strain 1 in. 0.00057 Vertical Panay lin. = 0.00057 
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f AA HY + values recorded always approximate in Magnitude , 
tension value on the other side of the tank plate 
he effect on the transient when the tank wa< empty 
full of water and full of water under pressure w.< 
studied. The results show that the effect of tank 
dition with respect to pressure was negligible as ; 
the transient strains are concerned. This makec 
possible to study the transient effect by the use 
empty tanks instead of requiring them to be fy!) ,; 
00088 water and under pressure. Figure 18 shows reeces 
3: taken with Tank | under three conditions. The vari, 
iss: + tion in the maximum strains shown in Fig. 1S js 
ten: HH larger than the variation of the same measur ment 
| cess! rhe next tests to be discussed are those made 
open end shell described in Fig. 14, and the flat plate 
described in Fig. 15. In these tests it is desired ty 
HH find the effect of tank curvature on the strain pattern 
3 2 +4 and to determine the amount of bending that is gener 
+ + + ttt Ht tot + tte re . 
evens canes seuss seuss seas the stress distribution throughout the thickness 
wees in the vicinity of the hammer for tanks with 
: + eo LH mensions of the shell may be obtained from the examina 
Se tion of the records shown in Fig. 19. This Fig. 19 
g 
b+ +4+4+4-+4+ +4 +444 4 
seer TT wees ++ ++ ++ ++ + t 
4 + +4 +444 + + 
ROM 
tests, it was decided to use a controlled mechanical 
ing device used may be seen in Figs. 6 and 7. The FREER 
lhe value of the apparent equivalent stress may be ob- 
tained in each case by multiplying the strain result by AIG 
30 X 10,° the value of Young's modulus. Since the 55355 35 
effect is primarily one of bending, all strains recorded Adiieiiibiiibibibiihbaidiai 


have their counterpart with reversed sign on the other 
side of the plate (see Figs. 20 and 22). All the values 
measured then have double sign, i.e., the compression 
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Fig. 26—Mechanical Hammering Tank 1 
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shows the strains taken in three directions directly 
the hammer on the opposite side of the plate. 
If these records are compared with those of Fig. 21, 
which are similar records taken for a flat plate, it is 
seen that the effect of curvature of the tank plate ap- 


under 


pears to be quite small. The magnitude of these strains 
under the hammer are, for the shell 0.00005 and for the 
flat plate 0.000035. The strain measurements at other 
points in the shell and the flat plate are shown in Figs. 
2) and 22. The importance of the measurements as 
shown in Figs. 20 and 22 is the extent that they show 
the transient strain to be a bending phenomena. The 
reversing of the strain in sign to give the appearance of 
an exact reflection in all cases where the strains were 
measured on the two sides of the plate shows the transient 
strain to be almost a perfect bending phenomena. 

The speed of travel of the disturbance set up by the 
hammer can be determined approximately from the 
records by dividing twice the distance of the gage from 
the nearest reflection point by the time for the first re- 
flection disturbance to show itself on the record. This 
apparent velocity is rather arbitrary as it is based on 
the time for measurable disturbances to appear. The 
results obtained are as follows: 


For the flat plate.............. 590 ft. per second 
For the open shell.............. 730 ft. per second 
630 ft. per second 


The next tests to be discussed are those to determine 
the rate at which the strains decrease as the distance 
froom the hammer blow increases. Records of these 
phenomena are shown in Figs. 23, 24, 25, 26, 28 and 29. 
When the blow is in line with the X axis of the gage on 
Tank | the «. strain is reduced from 0.00044 at 2 in. 
from the hammer blow to 0.00035 at 8 in. from the 
hammer blow. This is shown in Fig. 23. When the 
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Fig. 27—-Mechanical Hammering Tank 2 


Scales Horizontal lin. = 0.0015 sec. 
Vertical—strain 1 in. = 0.00057 
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blow is in line with the Y axis on Tank | the «, strain 
is reduced from 0.00080 at 2 in. from the hammer blow 
to 0.00014 at 4 in. from the hammer blow (see Fig. 24). 
The difference in the reduction rate is due to the fact 
that in the first case the measurement is made along the 
direction of travel of the wave or disturbance while in 
the second case the direction of measurement is per- 
pendicular to the direction of travel. After a short dis- 
tance from the blow the curvature perpendicular to the 


i 

+++ +4 ; +44 

+ 4 
++ ++ +444 +++ ; 
++ ++ ++ ++ ++ +4 
+++ +444 SOS SSSSS Se ++ ++ +44 
+4444 
++ 
$4+4+44 
+44 
+ 
4444 
; 
+} 
++44-44 
+444 +++ $4444 ++4 
4444 + ++ 
$444444 +4 
++ 
+444 4444 +4 +++ +4 +++ 
+++ ; +++ 
$444 ++ +44 
b+ +4 4 sess ++4 
; +++ +44 
ee $4+-44444444 -++-+-4 ++4 
+44444544 ++4 
++4+4 +? 44444 ++ ttt 
+++ $44444 ; +44 
+ TTT 
b+ +++ ttt $++4+4 444 
+ +++ + 
+++ ++ 
+++ + ee bese 
22 IN. FI 
+444 ; 
44544 +++ 
++4+44-4 + 
t +444-44444 

+ 
++ 
++ 

+4444 
+44 
Sees 
+++4 
p+ 
+++ 
+444 


Fig. 28—-Mechanical Hammering Tank 3 
time 1 in. = 0.0015 sec. 


Scales Horizontal 


Vertical—strain 1] in. = 0.00019 
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Table 3—Strain Decay as a Function of Distance 


Fig. 30—Mechanical Hammering Comparison Tanks 1, 2 and 3 


Let A represent the strain amplitude at point R dis 
tance from the hammer blow and let B represent the 
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¥ A 3 shows the various ratios of the R’s compared 
to the ratios of the amplitudes squared. These data 
were obtained from the records in Figs. 28 and 29. 

In the formulation of the above table the total am- 
olitude is taken and divided by two when the strain 
had an unsymmetrical form. The result of the data 
in Table 3 indicates that the average amplitude of the 
strait. varies inversely as the square root of the distance 
from the blow although the maximum value of strain 
may be somewhat higher. 

The strain as measured in Tank 2 is shown in Fig. 27. 
Further results on this tank were not obtained as the 
time that this tank was available for test was too short 
to allow the taking of any other data. 

Figure 30 shows the comparison of the e, strain taken 
when the blow and gage point lie on the X axis for the 
three tanks used in the investigation and shows the 
effect of the thickness on this «. strain. The values of 
maximum strain are summarized in Table 4. 

In conclusion the results of the investigation may be 
summarized in the following manner: 

1. The hammer blow primarily causes a bending ac- 
tion in the plate of the tank. This is shown by the strain 
distribution showing maximum values of equal magni- 
tude but opposite sign on the opposite sides of the plate. 


Table 4—Strain as a Function of Thickness 


Thickness Strain 
0.527 0.00047 
0.947 0.00023 
1.75 0.00014 


2. The strain varies approximately as the square root 
of the distance from the point of hammer contact 

5. The point of maximum tension strain is directly 
under the hammer on the opposite side of the plate. 

4, The rate at which the hammer disturbance is car 
ried throughout the tank is approximately 600 ft. per 
second. 

5. The bending action becomes almost uniaxial at 
relatively small distances from the hammer. 

6. It is only the outside surfaces of the tank that 
suffer the high strains due to the hammer blow. 

The author acknowledges the work of Mr. W. R 
Mehaffey in the design and construction of the instru 
ments used in the investigation, and the work of Mr 
E. A. Ratzel for the field and laboratory measurements, 
as well as the cooperation of the other staff members of 
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The Effect of Normalizing on the 
Properties of Welds in Carbon- 
Molybdenum Steel Pipe 


By I. A. Rohrig, D. H. Corey and Sabin Crocker’ 


Introduction 


N THIS paper are presented the results of a laboratory 
investigation undertaken with a view to determin- 
ing the effect of normalizing arc-welded joints in 
carbon-molybdenum steel pipe instead of stress relieving 
them at 1150 to 1250° F. as has been general practice 


* To be presented at the Annual Meeting, A.W.S., Chicago, IIl., October 
18 to 21, 1943. 
} The Detroit Edison Co 


Fig. 1—Carbon-Molybdenum Pipe Weld in the As-Welded 
Condition. 5% Nital. 1'/; x 


Fig. 2—Pipe Weld After Normalizing at 1725° F. 5% Nital. 
l'/, X 


heretofore. By normalizing is meant heat treating the 
weld somewhat above the upper critical temperature of 
the material (approximately 1600° F. for carbon-molyb- 
denum steel), followed by cooling in still air. This serves 
to relieve residual stresses and at the same time produces 
desirable structural changes in the metal that cannot 
be effected below the critical temperature. 

In 1936 the Detroit Edison Co. made its first installa- 
tion of carbon-molybdenum pipe in the turbine leads on 
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a 60,000-kw. main turbogenerator designed to operate 
at 650 psi. and 850° F. Two years later, a considerable 
quantity of the same type of pipe was used for the high- 
pressure, high-temperature steam mains of another 
Detroit Edison plant designed to use 865 psi. and 910° F. 
steam, and in the following years other steam-line in- 
stallations have been made using this material. 

From the standpoint of good creep resistance, carbon- 
molybdenum pipe is believed to be most satisfactory 
for high-temperature service when the grain size is 3 to 6 
and a predominant Widmanstiatten type of structure 
exists. This preferred structure is sometimes present in 
hot-rolled pipe but if not, it usually can be obtained by 
normalizing at approximately 1725° F.* provided that the 
steel has been made by a melting practice conducive to 
the development of a coarse grain size. In general, 
carbon-molybdenum steel killed with only about '/2 Ib. 
of aluminum per ton to meet the requirements of 
A.S.T.M. Designation A-206 will have the desired grain 
size and structure either in the hot-rolled condition or 
after normalizing. 

All of the carbon-molybdenum pipe in use in Detroit 
Edison plants was welded by the metallic-are process us- 
ing coated electrodes and maintaining a preheat tempera- 
ture of 400 to 600° F. while welding was in progress. 
Welded joints were subsequently stress relieved at 
1200 + 25° F. for a period of 2 hr. per inch of thickness. 
It was recognized that, although the structure and grain 
size of the pipe metal are carefully controlled during 
manufacture, the structure of the deposited weld metal 
and that of the adjacent pipe metal that is affected by 
the heat of welding (the so-called heat-affected area) 
are quite different from the structure of the hot-rolled or 
normalized pipe metal itself. Therefore, early in 1942 
a program was undertaken by The Detroit Edison Co. 
to determine whether the properties of carbon-molyb- 
denum weld metal could be improved by normalizing. 

In addition to the possibility of improving creep 
strength, normalizing welds is thought to be preferable 
to stress relieving for the further reasons that: (1) it 
avoids holding the material in the temperature zone 
that is conducive to spheroidization, a condition that is 
known to promote the graphitization of steel with time 
and temperature during service; (2) it tends to remove any 
spheroidization that might have developed during the 
process of depositing weld metal; (3) it promotes homo- 
geneity throughout the weld section by refining the 
columnar structure often present between beads or 
layers of deposited metal, and by restoring to its original 
condition the heat-affected area in the pipe material 
adjoining the weld (compare Figs. 1 and 2) 

This paper presents the results of tests carried out in 
the program previously mentioned, and includes the 
results of a study undertaken to determine the specific 
effect of normalizing on the physical properties of car- 
bon-molybdenum weld metal. 


Description of Tests 


In this investigation pipe-to-pipe weld specimens and 
all-weld-metal specimens were studied. The pipe-to- 
pipe weld specimens were taken from a section of hot- 
rolled, 12-in., Schedule 100 (0.843-in. wall thick- 
ness), A.S.T.M. A-206 carbon-molybdenum pipe in 
which a full butt weld had been made, but without the 
preheating that was used in the case of service welds. 
The included angle of the weld was 75°, the pipe ends 
having a 37'/2° vee bevel made by flame cutting and 
grinding. The root opening was */\5 in. and a continu- 


* This is a requirement of the specification prepared by the authors’ Com- 
pany covering the fabrication of carbon-molybdenum seamless steel pipe. 
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ous backing ring made of carbon steel was us. Th 
weld was completed in 7 layers. The first layer val 
made with '/s-in. electrodes and the remainin; > layers 
with °/3-in. electrodes. The electrodes used were cari 
molybdenum, corresponding to A.S.T.M. 
A-233, class E-6010. 

Standard 0.500-in. diameter tensile specimens }; ing 
the weld area in the mid-section of the 2-in. gage lengt) 
were machined from the pipe. 

Notch-toughness tests were made of the pipe metal 
the weld metal and of the heat-affected area, using bot) 
Charpy V-notch and Charpy keyhole types of speci- 
mens. In all cases, the test specimens of the Pipe-to. 
pipe weld were taken longitudinally of the pipe. Th 
pipe-to-pipe weld was tested in the following conditions 


(a) Stress relieved at 1200° F. 
(6) Normalized for 1 hr. af 1725° F. 


The all-weld-metal specimens were machined from 
carbon- -molybdenum weld metal in the angle 
of a 1 x l-in. carbon-steel angle iron. Carbon- molyb- 
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Table 1—Tensile Test Results (At room temperature 


Reduc- Elonga- Yield Tensile 
Description of tion of tionin Strength, Strength, 
Specimens Area, % 2In.,% Psi. Psi 
Pipe-to-Pipe Weld Specimens (0.500 In. Diam.) 
Stress relieved, 1200° F. 60.5 21.9 > 70,100* 
Stress relieved, 1200° F. 62.2 17.2 45,700 69,500* 
Normalized, 1725° F. 52.3 23.5 67,790 
Normalized, 1725° F. 55.1 21.9 40,300 67,700 
All-Weld- Metal Specimens (0.500 In. Diam.) 
As welded 31.3 15.6 47,600 63,200 
As welded 45.8 28.1 44,000 63,000 
Stress relieved, 1200° F. 31.6f 31.2 47,200 64,000 
Stress-relieved, 1200° F. 62.2 34.4 52,400 65,900 
Normalized, 1550° F. 56.9 28.1 39,700 63,800 
Normalized, 1550° F. 62.0 29.7 40,500 62,200 
Normalized, 1650° F. 41.8f 29.7 41,200 62,400 
Normalized, 1650° F. 33.6T 23.4 42,300 62,500 
Normalized, 1725° F. 63.0 32.8 38,000 62,500 
Normalized, 1725° F. §2.3 28.1 43,100 62,500 
All-Weld- Metal Specimens (0.250 In. Diam.) 

Stress relieved, 1200° F. 68.1 26.5} 50,900 68,600 
Stress relieved, 1200° F. 67.9 28.17 51,800 68,300 
Normalized, 1550° F. §3.1 32.8} 40,800 65,700 
Normalized, 1550° F. 42.9 26.6 45,900 67,100 


by Broke in pipe metal outside of the weld area. 


+ Stratification observed in the fractured surface. 
tIn 1 in. 


bs 


Fig. 3—Hot-Rolled Structure of the Pipe. 3% Nital. 75 
(Original Magnification 100 x) 
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Weld Area in Carbon-Molybdenum Pipe Material 
Note: In Figs. 4, 5, 6, 7, 8 and 9 the pipe metal is at the left and the weld metal is at the right of the photo 


raph. All photomicrographs at 75 x.* 
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Fig. 4—(Top) As-Welded Heat-Affected Area in the 
Pipe Metal Adjacent to the Weld 
Fig. 5 (Center) Normalized 1 Hr., 1550° F. Note 
Absence of Heat-Affected Area 
Fig. 6—(Bottom) Normalized 1 Hr., 1725° F. 
* Note: Reduced from 100 to retain maximum field. 


1943 WELDING CARBON-MOLYBDENUM PIPING 


3% Nital. 


i 
Sis 


4 
r 
4 


ate 


x 
» 


‘ 
4 
4 
r 
bia 


4 


» 
4 rv Ary 
~ 


< 


Fig. 7—(Top) Normalized 1 Hr., 1775° F. 
Fig. 8—(Center) Normalized 1 Hr., 1850° F 
Fig. 9—(Bottom) Normalized 1 Hr., 1900° F. 
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denum electrodes '/s in. in diameter were used through- 
out in making the all-weld-metal sample. The weld was 
completed in 9 layers and the throat was approximately 
1 in., thus insuring that standard 0.500-in. diameter 
tensile specimens could be machined from weld metal 
that had not been contaminated with the metal of the 
angle iron. The all-weld-metal was tested in the follow- 
ing conditions: 

(a) As welded. 

(6) Stress relieved at 1200° F. 

(c) Normalized for 1 hr. at 1550° F. 

(d) Normalized for 1 hr. at 1650° F. 

(e) Normalized for 1 hr. at 1725° F. 


In no case was heat treatment given to machined 
specimens; instead, all machined specimens were made 
from sections that had been previously heat treated 
except in the case of the as-welded specimens, which 
received no heat treatment. Figure 10 is a view of a 
section of the all-weld-metal sample. 

In those cases where a metallographic examination 
was to be made of heat-treated specimens, the specimens 
were placed in covered porcelain crucibles for the heat 
treatment. The purpose of this procedure was to 
simulate actual commercial heat treatment done on a 
large scale, by eliminating too rapid air cooling which 
might affect the structure of the metal in laboratory 
specimens when they were withdrawn from the furnace. 
The sections from which test specimens were made were 
cooled in still air following heat treatment. All of the 
heat treated samples, whether for microscopic examina- 
tion or for physical test, were brought up to temperature 
in 30 min., held at the required temperature for | hr. and 
then air-cooled. Although these laboratory methods 
are thought to simulate well enough the conditions to be 
expected when normalizing a welded assembly in its 
entirety in a commercial heat-treating furnace, they 
lack the temperature gradients between normalizing 
temperature and room temperature that would exist 
along the pipe when heat treating in place with a collar 
type furnace, a field weld in an actual pipe line. 


Results 


The tensile test data given for the 0.500-in. diameter 
specimens in Table 1 show that the pipe-to-pipe weld 
specimens were appreciably stronger than the all-weld 
specimens. The pipe-to-pipe specimens in the stress- 
relieved condition broke outside of the weld, thus indi- 


. 10—Cross Section of All-Weld-Metal Sample As Prepared 
in a l-In. Angle Iron. 3% Nital. Approx. 2 x 
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cating that the actual strength of the weld metal y, 
higher than the value (70,000 psi., approximately) ob. 
tained for the test sample. The 0.500-in. diameter spec 
mens of all-weld-metal in the stress-relieved conditio, 
had a strength of approximately 65,000 psi., or 5009 Os; 
lower than the pipe-to-pipe specimens. This same diffe, 
ence, that is, approximately 5000 psi., was also foun, 
between the normalized 0.500-in. diameter specimens ,; 
pipe-to-pipe welds and all-weld-metal. The normalize; 
pipe-to-pipe specimens broke in the weld at approx. 
mately 68,000 psi. and the all-weld-metal specimer 
broke at approximately 63,000 psi. The Americay 
Standard Code for Pressure Piping (Appendix I, Sectio, 
9 (a), ASA-B31.1-1942) requires that the tensile strengt, 
of a reduced-section tension-test specimen shall not |y 
less than 100 per cent of the minimum specified tensj\ 
strength of the pipe material. The A.S.T.M. Designg 
tion A-206, governing the pipe used for this examinatig, 
requires a minimum tensile strength of 55,000 psi., o 
15,000 psi. less than was obtained for the Pipe-to-pip 
specimens in the stress-relieved condition. Physica 
tests conducted by the manufacturer on the pipe used in 
this investigation gave the following results: 


Tensile strength, psi... 


67,400 
47,200 
51.0 


These values are for the pipe in the hot-rolled and stress 
relieved condition. The fact that the tensile strength 
as given by the manufacturer was less than that of the 
pipe-to-pipe weld specimens as shown in Table | can 
probably be explained on the basis of a difference be- 
tween specimens. 

The strength of the all-weld-metal specimens, irre. 
spective of whether they were as made, stress relieved or 
normalized, conformed to the strength requirement for 
electrodes of the E-6010 Classification as given in 
A.S.T.M. Designation A-233-42T, “Tentative Specifi 
cations for Iron and Steel Arc-Welding Electrodes. 
The strength requirement for welds made with E-601\ 
electrodes is 60,000 psi. after stress relieving for 1 hr. at 
1150 + 25° F. and 62,000 psi. in the as-welded condi 


Table 2—Charpy Notch, Toughness at Room Temperature 
of Carbon-Molybdenum Pipe Material As Affected by Weld- 
ing and Heat Treatment 


Condition of the Metal When Tested 
As Welded and Stress Relieved, Normalized, 1725° F.; Notch 
1200° F.; Notch Strength, Strength, Ft.-Lb. 
Ft.-Lb. 


V-Notch Keyhole V-Notch Keyhole 
Pipe Metal 
23.0 38.5 54.0 48.5 
24.5 40.0 65.5 47.0 
20.0 38.0 70.0 51.0 
Av. 23° 39* 63 49 
Fusion Zone Metal 
99.5 43.5 77.0 48.5 
71.0 50.0 73.0 50.5 
72.5 a 82.5 50.0 
Av. 8l 47 78 50 
Weld Metal 
61.0 35.0 78.5 39.5 
63.0 40.0 77.0 44.5 
73.0 39.5 79.0 42.0 
83.0 42.0 
82.0 42.0 
Av. 66 38 80 42 


* These values are for the pipe metal in the hot-rolled and stress- 
relieved condition. 
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tion. This specification requires that weld metal de- 
posited with '/s-in. electrodes be tested using 0.250-in. 
diameter tensile specimens, whereas specimens in the 
frst group tested in this investigation were 0.500 in. in 
diameter. Later, tests were made of all-weld-metal 
using 0.250-in. diameter specimens for the purpose of 
providing a comparison with results obtained on the 
specimens of larger diameter. The results are presented 
as the third group of values in Table 1. 

These results show that the ultimate strength obtained 
when 0.250-in. diameter specimens were used was ap- 
proximately 4000 psi. greater, for the metal in the stress- 
relieved condition, than when 0.500-in. diameter speci- 
mens were used. Also, in the case of the samples nor- 
malized at 1550° F., higher values were obtained for the 
).250-in. diameter test specimens than for the 0.500-in. 
diameter test specimens. These differences, however, 
are not great and on the basis of these tests it seems 
evident that either type of specimen may be used for 
testing weld metal deposited with '/s-in. electrodes. 
Several years ago the author’s company made tests on 
all-weld-metal specimens of carbon-molybdenum weld 
metal deposited with °/3.-in. electrodes, and obtained a 
tensile strength of 66,600 psi. using 0.500-in. diameter 
test specimens as compared with the present strength of 
65,000 psi. on all-weld-metal specimens made of weld 
metal deposited with '/s-in. electrodes. Both test re- 


Fig. 11—-Weld Metal, As Deposited 


sults are for weld metal in the stress-relieved condi- 
tion. 

Respecting the difference in strength between the 
pipe-to-pipe specimens and the all-weld-metal speci- 
mens, the pipe-to-pipe specimens were taken at right 
angles to the direction of welding whereas the all-weld 
metal specimens were taken in the direction of welding 
This difference in the direction in which the specimens 
were taken may account for the difference in strength. 

The notched-bar test results are given in Table 2. 
A comparison of the results obtained on as-welded and 
stress-relieved specimens and on normalized welded 
specimens shows an over-all increase in notched-bar 
values as a result of normalizing except for one minor 
variation in the fusion zone. The notched-bar values of 
the metal in the fusion zone and of the weld metal were 
relatively high in the stress-relieved condition, and were 
not greatly affected by normalizing. The greatest effect 
of normalizing was obtained in the pipe metal. In 
examining the notched-bar test results it should be 
noted that although there is a general improvement in 
the notch toughness as a result of normalizing at 1725° F., 
the data obtained in the case of the keyhole test speci- 
mens indicate that the fine-grained weld metal had 
about the same or lower notch toughness than coarse- 
grained pipe metal, whereas in the case of the vee-notch 
test results the weld metal was stronger than the pipe 


Fig. 12—-Weld Metal, Normalized, 1 Hr., 1550° F. 


Fig. 13—Weld Metal, Normalized, 1 Hr., 1650° F. Fig. 14—Weld Metal, Normalized, 1 Hr., 1725” F. 
Photomicrographs at 75 X. Original Magnification 100 X. 3% Nital 
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Weld Pipe Material 
Fig. 15—-Weld “As Made” Showing the Heat-Affected Area 
Between the Weld Metal = the Unaffected Pipe Metal. 3% 

ital. 7 X 


Table 3—Chemical Composition of the Pipe Metal and Weld 
etal 


~—Weld Metal-——— 
Analysis by Typical 
The Detroit Analysis by 


Pipe Metal Edison Co Manufacturer 


Carbon 0.15 0.11 0.10-0.12 
Molybdenum 0.51 0.48 0.40-0.60 
Manganese 0.44 0.63 0.64 
Silicon 0.25 0.07 0.10 
Phosphorus 0.017 0.035 max 
Sulphur 0.018 0.035 max 


metal in both the as-made condition and after normaliz- 
ing. 

Metallographic examination showed a general improve- 
ment in the grain structure of the weld area as a result of 
normalizing. The typical grain structure of a pipe-to- 
pipe weld in carbon-molybdenum pipe as welded is 
shown in Fig. 1. The grain structure of this same weld, 
after having been normalized at 1725° F. for 1 hr., is 
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Weld Pipe Materia 
Fig. 16—Weld After Normalizing a 1550° F. Note the Virtua! 


Elimination of the Heat-Affected Area and the Refinement of 
the Pipe-Metal Structure. 3% Nital. 7 x 


shown in Fig. 2. The most significant difference betwee 
these two views is the absence in Fig. 2 of distinct weld 
metal layers and of the structure typifying the heat 
affected area of the pipe metal. A more detailed stud) 
of the structural condition of this pipe-to-pipe weld is 
given in Figs. 3through9. The representative structur 
of the pipe used for this investigation is shown in Fig 
3 and that of the heat-affected area resulting from welding 
is shown in Fig. 4. The grain structures resulting fron 
normalizing at temperatures of 1550, 1725, 1775, 1850 and 
1900° F. are shown by Figs. 5, 6,7,8 and 9. Before nor 
malizing, a fine-grained structure was present throughout 
the heat-affected area (Fig. 4) whereas after normalizing 
the heat-affected pipe metal had coarsened and, in tha! 
condition, gave evidence of a sharp line of demarcatio' 
between the coarse-grained structure of the pipe and th: 
fine-grained structure of the weld metal. 

The weld metal did not readily coarsen during nor 
malizing, as is shown by Figs. 5, 6, 7, 8 and 9, and b\ 
Figs. 11, 12, 13 and 14. A small amount of Widman 
statten structure was present in the weld metal after 
normalizing at 1725° F. (Figs. 6 and 14), and it in 
creased in amount with each successively higher nor 
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malizing temperature, but no appreciable grain coarsen- 
ing occurred until a temperature of 1850° F. was reached. 
\fter heating for 1 hr. at 1900° F. an appreciable amount 
of Widmanstatten structure was found in the weld metal 
but the grain growth was spotty, indicating that only 
certain layers had coarsened whereas most of them had 
remained fine grained. 

The chemical composition of the pipe metal and of the 
deposited weld metal is shown in Table 3. The principal 
difference is that the silicon content of the weld metal is 
quite low and also the carbon content is less than that of 
the pipe. The chemical composition of the weld metal 
does not disclose the immediate reason why the weld 
metal resisted grain coarsening even at a temperature as 
high as 1900° F. and after having been held for | hr. at 
that temperature. 

[It was found that 1550° F. was the lowest temperature 
at which the grain structure of the heat-affected area 
could be satisfactorily altered in a heat treatment of 
| hr. Asa result of normalizing at this temperature, the 
grain size of the pipe was considerably finer than the 
desired grain size of 3 to 6 but it appeared to be the 
lowest practicable temperature at which the structure of 
the heat-affected area and that of the pipe metal struc- 
ture could be homogenized. This temperature, 1550° F., 
is below the Acs point for the material tested but it is 
sufficiently above the Aci point (approximately 1360 
F.) to insure carbide solution. Heating for 2 hr. at this 
temperature would be preferable to heating for 1 hr. 
[he photomicrographs given as Figs. 15 and 16 show the 
heat-affected area of a carbon-molybdenum pipe weld 
both as welded and after normalizing at 1550° F. for 
| hr. Normalizing at 1550° F. produced approximately 
the same grain size in the pipe metal as in the weld metal; 
that is, the grain size of the pipe was reduced to the 
grain size of the weld (see Fig. 5). 


Summary of Results 


1. Normalizing carbon-molybdenum weld metal at 
temperatures of 1550°, 1650° and 1725° F. for 1 hr. had 
no significant effect upon its tensile strength, which in all 
cases remained above 60,000 psi. 

2. The notch toughness of carbon-molybdenum weld 
metal is improved through normalizing at 1725° F. 

3. The notch toughness of hot-rolled carbon-molyb- 
denum pipe metal is improved through normalizing at 
1725” F. 

4. The notch toughness of the heat-affected area ad- 
jacent to the weld is good in the as-welded condition and 
is not greatly affected by normalizing at 1725° F. 
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5. The heat-affected area adjacent to the weld can 
be virtually eliminated through normalizing at 1550° F. 
but after such heat treatment the grain size of the pipe 
is finer than the desired 3 to 6 grain size. 

6. The grain structure of carbon-molybdenum weld 
metal is improved through normalizing at tempera 
tures up to 1900° F. At 1725° F. Widmanstatten 
areas become evident, but very little grain growth 
occurs. 

7. Carbon-molybdenum weld metal 
coarsening up to approximately 1800° F. 


resists grain 


Conclusion 


This investigation has indicated that, in a carbon- 
molybdenum pipe-to-pipe weld, a more favorable struc- 
ture in the weld metal and in the heat-affected area of the 
pipe can be produced by normalizing than exists in the 
as-welded or in the stress-relieved condition. The desire 
to develop a Widmanstatten structure and grain size 
in the deposited weld metal to correspond with that in 
the pipe material was not fully realized, however. 

Normalizing corrects a condition of incipient sphe- 
roidization in the metal adjacent to the weld. Metal in 
this condition is susceptible to graphitization. The 
notch toughness of a welded joint is improved and the 
room-temperature physical properties are not adversely 
affected by such heat treatment. 

In view of the favorable results of these laboratory 
tests it is hoped that piping fabricators will be encour- 
aged to experiment with the normalizing of welds on a 
commercial scale. Although the difficulties involved 
when high temperatures are used in the field are ap- 
preciated, they do not seem insurmountable in view of 
the benefits to be expected. The greatest obstacle to be 
overcome, perhaps, is the possible tendency to overheat 
valve parts where valves are welded into the line. This 
difficulty should not be taken too seriously, however, 
without experimenting with the procedure on a commer- 
cial scale and applying simple corrective measures such 
as cooling the opposite end of the valve, if and as needed 
for keeping temperature gradients under control. If 
scaling of the pipe interior takes place to an objection- 
able degree at the high temperatures of normalizing, it 
may be necessary to provide an inert atmosphere inside 
the pipe. There are cases, however, where these ob- 
stacles are not encountered. For example, welded sub- 
assemblies, such as built-up manifolds, in which valves 
are not involved are often made in the shop and these 
can be normalized to advantage in a commercial heat- 

treating furnace; scale being removed conveniently by 
subsequent pickling or mechanical cleaning. 
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Spot-Weld Joint Efficiency for 


Aluminum Alloys 


By C. W. Stewardt 


NE of the design problems about which little 
() has been published is that of the maximum 

efficiency of a multispot joint used for splicing 
sheets of aluminum alloy together. This paper is 
presented for the purpose of reporting the major results 
of a fairly thorough study of the factors which contribute 
to both high and low joint efficiency and to production 
economy. 

Because of the large number of variables involved, 
it was evident that this project should be attacked step 
by step in a logical manner. It was decided that the 
first step should be to determine the limits of spot spacing 
parallel to the joint as far as it affected sheet tension 
failure. This was to determine the ideal spacing and 
tolerances for the outer rows in a multiple row joint. 
Samples were made in which a patch was welded to a 
sheet using various spacings from '/, to 1'/2 in. between 
spots. These were pulled in tension normal to the line 
of spots. It was found that from '/, in. upward there 
was very little improvement in sheet efficiency. From 
'/. in. downward, the sheet efficiency dropped off rather 
rapidly. This test indicated a probable maximum 
stress of 60,000 psi. and a jo.nt efficiency of approxi- 
mately 94%. 

The next step was to determine the minimum number 
of spots in the direction of load, which would be sufficient 
to insure failure by sheet tension. This was easily 
determined by a few simple calculations which indicated 
that three spots of normal strength, parallel to the 
load, would be sufficient when the transverse spacing 
was '/; in. and the spot strength was 500 Ib. or better. 

The next step was to determine the minimum spot 
spacing parallel to the load at which no appreciable 
reduction in spot strength occurred. This was done by 
varying the spacing from '/, to */, in. with the result 
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joints for efficiency tests. Specimens were made with the 
width varying from '/2 to 3'/2 in. with the number of 
spots normal to the load varying from one to seven, the 
number of spots in the direction of the load equal to three 
and spot spacing '/2 in. in both directions. These in- 
dicated a sheet stress of from 48,000 to 57,000 psi. at 
failure load, depending upon the width of the specimen. 
[It appeared that a width of 1'/2 in. gave the best results 
These samples were prepared as follows: 

1. Thickness of stock, 0.040 Alclad 24S-T. 

2. Method of cleaning, wire brushing. 

3. Type of machine, condenser discharge. 

4. Tips, Mallory 3 (3 in. spherical radius). 
5. Condenser capacity, 800 mfds. 
). Tip force for welding, 1200 Ib. 
Tip force for forging, none. 
S. Voltage, 1540 v. 
9. Turns ratio, 195. 
Spot strength 550 to 600 Ibs. 

From this point on, it was a case of gradual improve- 
ment by studying the effect of various welding factors 
such as: 


High-strength vs. low-strength welds. 

Method of cleaning. 

A.-c. vs. d.-c. current. 

Condenser discharge wave form. 

Cracked and crack-free welds. 

The following are the conclusions reached as a result 
of this study: 


_ 1. Maximum joint efficiency obtained was 100%, as 
indicated by several samples which failed outside the 
weld pattern. However, the average was 93%. 

_ 2. Maximum stress developed on a standard speci- 
men was 61,800 psi. The average was 59,800 psi. 
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3. The ideal spot pattern for 24S-T Alclad in 0.040 
thickness is one in which the spots are spaced '/2 in. 
apart in both directions. Reducation in this spot 
spacing is likely to result in a loss in strength of the 
joint. 

4. Maximum efficiency is attained with a.-c. welds. 

5. High-strength spots are better than low-strength 
spots for maximum efficiency and production economy 

6. Wire brushing is better than chemical cleaning. 

7. The presence of small cracks, visible by X-ray 
only, is not critical. 

8. Higher strength welds (free from small internal 
cracks) can be made with a.-c. equipment than can be 
made with d.-c. equipment. 

9. For stored energy machines, current wave shap« 
makes very little difference in joint efficiency. 

Referring to the figures and illustrations, Fig. 1 shows 
the relation between transverse spot spacing and sheet 
efficiency. It will be noted that sheet stress dropped 
off sharply at spacings less than '/» in. 

Figure 2 shows the total load carried by a variable 
number of longitudinal spots plotted against sheet 
rupture strength at different transverse spacings. It 
was apparent that three longitudinal spots would pro 
vide ample shear strength for '/, in. transverse spacing 
but would be marginal for °/s in. spacing. Likewise, 
two spots would be somewhat marginal for */s in 
spacing besides being low in sheet efficiency. It, there 
fore, became a question of whether to use three spots 
at '/, in. transverse spacing or four spots at °/s or */4 in 
spacing. Sheet efficiency, at °/s and */, in., would 


A.C. WELDING CONDITIONS 


246-T Alclad 
Thickness of «040 to .040 
Cleaning. eeneeeeeeeneeneeeeeree Wire Brush 


MALLOFY 7/8 dia. 
3" radius 


COOLUNB. oWAter 

Electrode lbs. 

Cycles (60 A.C.) 

500 amps 

Spot Lbs., 3/4" test 
strips 


D.C. WELDING CONDITIONS 


Material.... -24S-T Alclad 


brush 


cMAllory Do 7/8 dia.,3" 
radius 


COOLING. Water 
Electrode Lbs. 
Charging volts. 
Condenser m.f.d.8. 
TUPNS 


Spot lbs., 3/4" test 
strips 


Fig. 7 
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appear to be only about 1% better than at '/, in.. ,, it 
was decided that three longitudinal spots would be used 
for the standard control specimen. 

Figure 3 shows spot shear strength plotted 
longitudinal spacing. Three different basic Spot 
strengths were used in anticipation of later studies on 
the merits of strong vs. weak welds. 

The curves show that full strength was not de Velope d 
until the spacing reached */, in. in each case. A spaciy 
of '/2 in. was decided upon as probably the best com, 
promise with a spot strength of from 550 to 600 jh 

Having decided upon the general pattern for a joint 
it was necessary to establish a standard width specimery 
for use as a control while studying various welding 
factors. Figure 4 shows the effect of width of specimey 
on the sheet stress at rupture for various numbers oj 
spots placed longitudinally. The 2-, 3- and 4-roy 
specimens showed an increase up to 1'/2 in. width and 
then were lower at 3'/2 in. The lower value for the 
wide specimens may be attributed either to the difficulty 
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A.C. WELDS 
Fig. 8 
Spec. Act. Act. Ult. Load per Stress in Joint 
. t a-Lbs. Spot-Lbs. -psi. r 
EFFECT OF WELDING FACTORS ON RUPTURE STRESS 3 
Rupture Stress 1 «O41 .0415 3640 405 58,900 91.8 P2600 Lbs. 
Welding Conditions 1000 p.s.i. 2 0415 .0415 3740 415 60,100 93.6 I=23,500 
6 4830 52 7 26 58 60 3 +041 .0415 3740 415 60,400 94.1 8 cycles 
A.C. per Table, Fig. 7 | & .042 3500 390 59,100 92.0 3" R 
D.O. per Table, Fig. 7 5 0405 .041 3690 410 60,300 93.9 700% spot 
A.C. per Table, Fig. 7 | 0 0 
700 lb. spots No cracks via X-ray 59,80 
600 lb. spots No cracks via X-ray Jandel 
500 1b. spots No cracks via X-ray 4 
400 lb. spots No cracks via X-ray 
D.C. WELDS 
D.C. per Table, Fig. 7 
0O lb. spots Cracks via X-ra 
ie 1b. Sor Spec. Act. Act. Ult. Load per Stress in Joint 
500 lb. spots No cracks vie X-ray No. t) t2 Load-Lbs. Spot-Lbs. Sheet-psi. Eff. Remarks 
400 1b. spots No cracks via X-ray 1 +041 .041 3420 380 55,600 86.6 P1200 Lbs, 
Chemically cleaned only 2 .0L0 .041 20 0 680 
A.C. = 500 1b. spots 40 415 33 37 54,40 84.8 E=1680 
D.C. - 600 lb. spots 3 +040 .041 3420 380 56,300 87.6 Cap.=800 afd 
Turns ratio D.C. = 620 lb. spots 4 -040 .041 3480 385 57,200 89.1 195 turns 
39 turns 
195 turns 5 -038 .041 3410 380 57,500 89.6 37° R 
390 turns 
Aver. 3410 380 56,200 87.6 700# spot 
Fig. 9 
g Fig. 10 
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of obtaining even gripping by the jaws of the testing 
machine or to poorer distribution of load. It was 
finally decided that the L* specimen would be 
chosen as a standard. ‘It will be noted that the stress 
developed in these specimens 1s slightly lower than that 
obtained later with improved technique. 

Figure 5 may be of interest because of the method of 
assembly of the 3'/2-in. wide joint to the 2-in. wide pull 
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tabs for use in the 2-in. jaws of the testing machine 
Heavy paddles, '/s in. thick, which had narrow pull 
tabs, were cemented to the 3'/s-in. wide specimen in 
double shear by means of a thermosetting adhesive 
This gave a better load distribution than by trying to 
grip evenly on the full width sheet. Assembly of the 
pull tabs by cementing was much faster than by bolting 

Figure 6 shows the standard specimen used for further 
studies of welding factors. Tests of necked-down strips 
compared to straight strips indicated that full strength 
could be developed without the necessity of milling out 
special necked down specimens. This helped speed up 
the program tremendously——as samples could be made 
and tested much more rapidly than would be the case 
if a milling machine operation were required each 
time. 

Figure 7 is a tabulation of the welding machine setup, 
both a. c. and d. ¢., which produced the maximum 
strength joints. 

Figure 8 shows a comparison between an a.-c. and 
d.-c. specimen. It will be noted that the a.-c. sample 
shows a half-moon shaped area of stretched metal on a 
'/, in. radius from the center of the spot. This may in 
dicate that a certain amount of annealing takes place, 
which allows sufficient relief of stress concentration 
to result in an over-all higher joint efficiency. 

Figure 9 shows the effect of various welding factors 
on the rupture stress of standard specimens. These 
specimens were prepared in accordance with the tabula 
tion in Fig. 7, except for the difference in the factors noted 
in each case. It was somewhat of a surprise to find that 
a.-c. welds produced higher efficiency than d.-c. A 
possible reason for this is better ductility in the parent 
metal around the weld area, as noted in the comments 
on Fig. 8, and better bonding of the corona. Both of 
these conditions assist in a better déstribution of the load 
between spots and possible relief of stress concentrations 
adjacent to the spots. 

Figure 10 is a tabulation of typical test data on a.-c 
and d.-c. welded joints. The efficiencies shown are based 
on an ultimate stress for the parent metal of 64,200 psi 
This was the value for samples taken from the same sheet 
as the specimens. It will be noted that the variation 
in strength for both the a. c. and d. c. is quite small, in 
the order of 2 to 4 per cent. 

Figure 11 shows 4 samples which failed outside the 
weld pattern. It will be noted that the stress developed 
was from 55,000 to 57,000 psi. The parent metal, from 
which these specimens were made, developed a rupture 
stress of 57,900 psi. At a stress so close to the ultimate 
of the parent metal, there need be only a slight notch 
effect somewhere to cause failure outside the weld area 
This may have occurred in these cases. 

Figure 12 shows some radiographs of 600-lb. spots 
made with a.-c. and d.-c. welding. It will be 
that all the d.-c. welds have cracks at the center—-while 
the a.-c. welds are free from cracks. However, no speci 
mens ever failed directly through these cracks; so it is 
not felt that they are critical regarding joint efficiency 
as far as a static test is concerned 
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Miscellaneous Notes 


A. Spot checks of reducing the spacing to */, in 
in either direction indicated no appreciable loss in 
efficiency as long as the basic spot strength was normal 

B. Check specimens of 4 rows instead of 3 rows 
indicated no difference in strength. 

C. Specimens made with post forging indicated a 
slight improvement over no forging. However, at the 
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time these tests were made the forge pressure apparently 
was occurring after the molten slug had cooled below 
the plastic state, so maximum benefit from forging may 
not have been derived. Further study of true forging 
should be made. 

D. Samples were tried in which two adjacent columns 
of spots (in the direction of load) were strong welds and 
one column was weak welds. This, of course, resulted 
in a loss of strength but only to the extent of 11%. 

E. When two adjacent transverse rows were strong 
and the third row weak, the loss in strength was 6%. 


Conclusion 


It should be stated that the work presented jn 4), 
paper covers only a part of the whole study of jj», 
efficiency. Some of the additional phases, which ,, 
planned for future study, are forging, post heat tre, 
ing and, most important of all, fatigue resistance. 

It is hoped that these data will be of some assistano, 
in the design of spot-welded structures and may ¢o; 
tribute something to the advancement of the art of Spor 
welding in general. 


The Flash Welding of Nickel and High. 
Nickel Alloy Rod 


By Wendell F. Hess and Albert Muller 


Introduction 


S YET there is little published information con- 
cerning the fundamental principles of flash 
welding. As a result, the extended application 

of flash welding to the fabrication of non-ferrous metals 
and alloy steels has been limited. The purpose of this 
discussion is to present the results of a research program 
that involved the flash welding of nickel and high-nickel 
alloys. 

The principal object of this investigation was to 
establish satisfactory flash welding conditions for '/,- 
and */,-in. diameter ‘‘A’’ Nickel, Monel, ‘““K’’ Monel and 
Inconel rods, in order that these materials might be 
drawn into continuous lengths of wire. Therefore, after 
optimum welding conditions were established for these 
materials, the ability of the rods to be successfully cold 
drawn without failure at the welds was used as a final 
criterion of the satisfactoriness of the welding conditions. 

Because of the comparatively large number of variables 
involved in flash welding it was evident after a few pre 
iiminary surveys, that it was necessary to investigate 
some of the fundamentals of the process before any 
selection of optimum welding conditions could be made. 
For this reason a study was made of the effects produced 
by changes in such important welding variables as cam 
shape, flashing time, amount of upset, time of current 
flow during upset and energy input. 

11 tebe presented at the Annual Meeting, A.W.S., Chicago, Ill., Oct. 18 to 
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In order to completely specify the conditions for ob 
taining maximum strength welds it is necessary to 
indicate the proper energy input to each weld in addition 
to the factors mentioned above. Up to the time of this 
investigation no satisfactory method of measuring th 
energy input to a flash weld had been reported. There 
fore, in addition to the other studies listed above, meth 
ods of measuring the energy input to flash welds were 
developed during the program. Consideration has als 
been given to the best method of specifying the electrical 
conditions necessary for proper flashing. 


Material 


The mechanical properties and chemical composition 
of the '/y- and */s-in. diameter Nickel, Monel, “K 
Monel and Inconel rod used in the investigation are 
shown in Tables 1 and 2. This material was supplied 
in the form of hot-rolled rod, subsequently annealed and 
cut to 20-in. lengths. Before welding the stock was cut 
into 4-in. lengths and degreased. 


Equipment 


Welds were made using a 75-kva. Federal motor 
operated positive upset, flash welder. This type oi 
machine consists of a fabricated steel support upon 
which fixed and movable platens are mounted. During 
flashing, the movable platen is driven toward the fixed 


sponsored by the International Nickel Company, Inc. platen by a cam and follower arrangement. The dis 
Table 1—Mechanical Properties 

Yield Strength Rockwell 

Rod 0.2% Offset Tensile Elongation Reduction Hardness, 

Material Diam., In. Heat No. Psi. Strength, Psi. in2In.,% of Area% “B” Scale 
Nickel 1/, N-99-A 37,300 65,100 45.0 83.9 67-69 
Nickel 3/5 N-38-A 34,400 66,500 48.0 77.8 63-65 
Monel 1/, M-7794-B 37,600 70,500 42.5 78.5 71-72 
Monel 3/, M-8668-B 45,200 84,700 48.0 72.7 76-78 
“K” Monel 1/, M-1297-K 45,000 100,000 37.0 63.2 80-82 
“K” Monel 3/5 M-1517-K 58,400 99,000 41.0 62.5 78-80 
Inconel 4 NX-4519 57,500 109,800 34.0 66.7 79-80 
Inconel 3/, NX-5315 65,000 106,000 40.0 62.7 87-89 

532-s 


tributio 
shape Ol 
be obta 
driven. 
the end 
inserted 
The 
tained f 
synchro 
made it 
livered | 
voltage. 
than 
formers 
former 
actuate 
It was 
flow dt 
within 
Hart 

to acct 
used t 
The w 
toggle 
constr 
weldec 
simply 
opera’ 
at the 
This | 
subse 
To a 
conne 


and 
60,06 
ata 
ing, 
grou 


TI 


th 


19 


Ma 
Nit 
Nick 
Mc 
Mot 
‘K 
[Inc 
Inco! 
curre 
Th 
to n 
Este 
met 
cire 
curl 
tho 
mit 
cur 
twe 
ade 
det 


or ob 
Ty t 
dition 
this 
the 
here 
meth 
Wert 
alsi 
‘trical 


sition 
“K 

l are 
plied 
| and 
cut 


Table 2—Chemical Compositions 


Rod 

Material Diam., In Heat No. c Mn 
Nickel 1/4 N-99-A 0.02 0.22 
Nickel 3/5 N-38-A 0.05 0.19 
nel M-7794-B 0.05 0.91 
Monel */s M-8668-B 0.16 0.99 
“kK” Monel 1/4 M-1297-K 0.17 0.38 
‘K”’ Monel 3/, M-1517-K 0.07 0.24 
Inconel V/, NX-4519 0.11 0.17 
Inconel 3/ NX-5315 0.14 0.10 


tribution and amount of flashing are governed by the 
shape of the driving cam. Different flashing times may 
be obtained by changing the rate at which the cam is 
driven. Upset is of the positive type and is applied at 
the end of flashing by means of a hardened steel block 
inserted in the driving cam. 

The power supply to the welding machine was ob- 
tained from a 350-kva. generator driven by a 4000-v. 
synchronous motor. The use of a motor-generator set 
made it possible to continuously vary the current de- 
livered by the welding machine by changing the primary 
voltage. This provides much more flexibility of control 
than may be obtained with the usual tapped trans- 
formers. The time during which the welding trans- 
former was energized was controlled by means of cam- 
actuated limit switches operating a magnetic contactor. 
It was possible to accurately adjust the time of current 
flow during the critical period at the end of flashing to 
within one cycle with this system. 

Hard-drawn copper water-cooled dies, suitably grooved 
to accommodate the '/,- and */s-in. diameter rods, were 
used to conduct current to the pieces to be welded. 
The work was held in these dies by means of air-operated 
toggle clamps. As originally supplied, the machine was 
constructed so that current passed into the pieces to be 
welded only through the lower dies, with the upper dies 
simply functioning as a clamping device. This type of 
operation results in undesirable high-current densities 
at the contact line between the lower jaws and the rods. 
This high-current density sometimes causes melting and 
subsequent cracking, commonly called ‘die burns.”’ 
To avoid this condition, the upper dies were electrically 
connected to the transformer and adjusted so that the 
current was balanced between the upper and lower jaws. 

The flash welds were evaluated metallographically 
and by testing in tension using a Southwark Emery 
60,000 Ib. capacity hydraulic testing machine operating 
at a loading rate of 0.30 in. per minute. Prior to test- 
ing, the residual ‘‘flash’’ from the welding operation was 
ground off flush with the original rod diameter. 

The distribution and total amount of energy required 
to make a flash weld were determined by means of an 
Esterline-Angus rapid recording, strip chart a.-c. watt- 
meter. This instrument was connected to the primary 
circuit of the welding machine by means of a suitable 
current transformer. Recording speeds up to 6 in. per 
second are available with this type of equipment, al- 
though a speed of 3 in. per second was commonly used. 

An electromagnetic oscillograph was used to deter- 
mine the wave form and distribution of the power and 
current used for welding and the time relationship be- 
tween the cut-off of current and the start of upset. In 
addition, this equipment provided an accurate method of 
determining the flashing time. 


General Considerations 


In the event that a material is to be flash welded for 
the first time, a complete knowledge of the physical, 
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——Chemical Composition, % 


Fe Ss Si Cu Ni Cr Al 

0.10 0.005 0.04 0.02 99.57 

0.11 0.005 0.07 0.038 99.52 

1.52 0.005 0.05 29 82 67.59 

1.07 0.005 0.02 31.21 66.51 dl 

0.66 0.005 0.25 28.98 66.73 2.78 
0.08 0.005 0.25 28.97 66.02 2.96 
6.03 0.006 0.16 0.11 79.85 13.54 

6.16 0.018 0.16 0.11 80.51 12.71 


mechanical and metallurgical characteristics is of great 
value in the determination of a flashing procedure and 
the interpretation of test results. 

An important consideration in flash welding is the 
relation between the velocity of heat propagation away 
from the flashing surfaces and the speed of flashing. If 
the flashing velocity is greater than the speed of heat 
conduction, the depth of the heated zones adjacent to 
the welding surfaces will be small. In this case im 
proper forging would result in poor welds, were it not 
for the fact that current flow during the initial stages of 
upset provides the additional heat required for proper 
forging. Flashing, therefore, simply provides uniform 
localized heating of the area to be welded. The heating 
provided by the upset current is also largely confined to 
the weld region. This condition results because the 
resistivity of the metal heated during flashing is higher 
than that of the parent material. The additional heat 
applied during upset, however, spreads sufficiently to 
permit good forging with resulting high quality welds. 

Calculation of the velocity of heat propagation is 
theoretically possible, but quantitative results are diffi- 
cult to obtain because of the dependence of the speed of 
heat flow on the shape of the impressed heat wave. An 
approximate method of solving the problem may be 
obtained from the differential equation expressing the 
non-stationary state of heat flow proceeding in one 
direction, which may be stated as follows: 


10 , 
7 = K de (radiation neglected) 


where 
K = Thermal diffusivity = thermal conductivity - 
specific heat X density 
6 = Temperature 
x = Distance 
t = Time 


The general solution of this equation for a damped wave 
proceeding in the x direction 1s: 


6 = Ae-* + Be-“f(x — vf) 


where 
v = Velocity of wave 
= Damping factors 
A and B = Constants 


If a sinusoidal wave is assumed, it may be shown that 
the velocity of heat flow is: 


4rK 
c T 
where 
T = Period of impressed heat wave 
K = Diffusivity 


It is evident from the above equations, therefore, that 
the velocity of heat flow is dependent on the physical 
properties of the material and the shape of the impressed 
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/NGULAR DISPLACEMENT DEGREES 


Fig. 1 Circular Cams Used for Flash Welding Nickel, Monel, 


“K"’ Monel and Inconel Rod 


heat wave. As flashing progresses a_ temperature 
gradient is built up at the flashing surfaces. Also the 
speed of flashing increases in accordance with the shape 
of the cam used for welding. The combination of these 
two circumstances causes variation in both the flashing 
speed and velocity of heat propagation during welding. 
This complex situation makes any attempt to directly 
calculate the rate of heat flow away from the flashing 
surfaces very difficult. It is the purpose of the above 
equation to indicate the fundamental factors involved, 
rather than to calculate the rate of heat flow. Experi- 
ment indicates that the temperature gradient necessary 
to maintain the velocity of heat flow equal to the flashing 
speed is so great for these alloys that it is only possible 
to maintain a very narrow heated zone adjacent to the 
flashing surfaces. Data will be subsequently presented 
to illustrate this point. The thermal diffusivities of 
several common materials at room temperature are 
listed in Table 3. 

A knowledge of the metallurgical characteristics of the 
materials, including the type of alloy system, trans- 
formations in the solid state, grain growth character- 
istics, expected microstructure on heating and quench- 
ing, ease of oxidation and other similar information, 
likewise simplifies the selection of a flashing procedure 
for a particular material. If the material contains 
small additions of elements which are essential to the 
development of its mechanical properties, it is important 


Table 3 
Thermal Diffusiv- 
Material ity, Cm.?/Sec. 
“A”’ Nickel 0.1220 
Monel 0.0549 
“K"’ Monel 0.0413 
Inconel 0.0388 
S.A.E. 1020 0.1992 
Aluminum alloy (17S) 0.4370 
Stainless steel (3 )2) 0.0406 


to know whether or not these materials tend to dis- 
appear during welding. Losses of a fraction of a per 
cent of certain elements in age-hardenable alloys are 
often enough to materially alter the properties of the 
alloy. 

Aside from the characteristics of the material to be 
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welded there are several variables that are more direct) 
connected with the welding machine. One of the mo. 
important of these variables is the shape of the cam whj,j 
controls the flashing operation. The purpose of flashjp, 
is to provide uniformly heated surfaces free from oxi. 
which may be successfully welded during th Upse! 
period. To obtain this condition it is necessary ; 
establish a series of discontinuous arcs of short duratic, 
between the pieces to be welded. The heat generate 
by this flashing raises the temperature of the surface 
to the melting temperature, and at the same time th 
fine arcing which occurs at the surfaces to be welded py 
vents oxidation. During the flashing period metal 
consumed. It is desirable in the case of an expensiy; 
material to employ as small a flashing distance as possibk 
in order to avoid unnecessary material waste. At th, 
same time it is necessary to prepare the surfaces for yp 
setting as described above. It is obvious that the initia 
temperature of the pieces to be welded before flashing 
greatly influences the quantity of material which mug 
be consumed during flashing. If butt preheating 
used prior to flashing, as is the usual case in Eur: pear 
practice, the surface temperature is already high. Coy 
sequently much less flashing is needed to properly pre 
pare the specimens for upsetting than when cold starting 
is employed. It is also obvious that the amount oj 
flashing depends on the section to be welded. Since 4 
determination of the minimum flashing distance for ; 
particular operation would require a great many tests 
in actual practice a cam is arbitrarily chosen which wil 
provide sufficient flashing for the production of sound 
welds and at the same time not be wasteful from the 
material standpoint. The shapes and flashing distances 
of the cams used for welding the rod in this investi 
gation are shown in Fig. 1. 

The flashing distribution is necessarily a function o/ 
cam shape. In general, the best type of cam seems t 
follow an approximately parabolic shape with a low 
rate of rise at the start of flashing and an increasing 
rate of rise thereafter until upset is reached. If complet: 
flashing is to be obtained it is necessary that the pieces 
move together gradually at the start of welding in 
order to avoid an uncontrolled, ‘‘butting’’ condition 
Butting is a short-circuit condition produced by a lack 
of sufficient power to burn a relatively large contacting 
area free in a short time. High-magnitude sinusoidal 
currents flow during a butting condition as compared 
with the lower magnitude flashing current which is o! 
irregular wave shape. A typical example of this un 
controlled butting which occurs at the start of a weld is 
shown in Fig. 2. Three traces representing the welding 
current, a 60-cycle timing wave and 4 trace which deflects 
when upset occurs are shown in this oscillogram. The 
high-magnitude short-circuit current of regular wav 
form which is characteristic of butting is shown at thc 
left hand or starting edge of the oscillogram. This 
current is subsequently followed by the flashing current 
which is of irregular wave shape 

The great quantity of heat generated during butting 
causes a relatively large amount of metal in the wel’ 
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Fig. 2 --Typical Oscillogram + ae Initial Butting in a Flash 
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Fig. 3 (a) Photomicrograph Showing the ‘Overheated” Re- 
Monel Flash from Excessive But- 
100 x 


i na 
ting. 
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Fig. 3 (b)—“K’’ Monel Parent Metal. 100 x 

region to be overheated, and in extreme cases to melt 
and drop away from the joint. When the latter effect 
occurs flashing is interrupted, as shown in Fig. 2, thereby 
allowing oxidation to take place, and a very ragged 
surface is produced. The erratic nature of these effects 
makes it impossible to produce high-quality welds under 
this condition. Figure 3 (a) shows the microstructure 
of flash welded ‘‘K’’ Monel in a region overheated as the 
result of butting. The high temperature produced by 
butting has heated the metal into the liquidus-solidus 
region as evidenced by partial melting at the grain 
boundaries. The mechanical properties of such an 
overheated structure are decidedly inferior to those of 
the original wrought material which is shown in Fig. 
3 (6). 

To avoid trapping oxide at the weld interface it is 
essential that the frequency of the individual arcs near 
the end of the flashing cycle be great. This close 
distribution of flashing prevents the trapping of an 
oxide layer by causing expulsion of any oxide layers 
which may form during the flashing period. 

The flashing distributions produced by the circular 
cams shown in Fig. 1 are suitable for nickel and high- 
nickel alloys. Cam No. 1, however, is more satisfactory 
from this standpoint than Cam No. 2. The acceleration 
provided near the end of flashing by Cam No. 2 ap- 
proaches the maximum or limiting value that can be 
employed and still obtain high-quality welds. Although 
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it is possible to make high-strength welds using this 
cam, it is somewhat difficult to obtain good consistency. 
The reason for this behavior is discussed later. 

Cam No. 1 was empirically designed. The rate of 
rise after the first 90° is slightly greater than that given 
by the equation below: 


S= 
where 
S = Linear displacement or rise 
6 = Angular displacement 
Cam No. 2 was designed so that the displacement is a 


linear function of the angular position for the first 90° 
and varies according to the following equation there- 
after: 

S = Ke 

In addition to the proper cam shape the time of 
flashing is important in the production of high-quality 
welds. Short flashing times are desirable to prevent 
oxidation. If, however, the flashing time is made too 
short, the pieces to be welded are moved together at a 
rate too fast to maintain uniform flashing even with 
high short-circuit power levels. The erratic butting 
produced under these conditions results in inferior welds 
as previously described. It 1s very difficult to eliminate 
the trapping of oxide in the weld solely by variation of 
flashing distribution, flashing time or short-circuit power 
level. A combination can usually be obtained between 
these variables, however, which will eliminate this con- 
dition. 

The available short-circuit power level may be defined 
as the power level corresponding to the current which 
will flow in the secondary circuit of a flash welding ma- 
chine under short-circuit conditions for a particular trans- 
former setting and applied primary voltage. In deter- 
mining this quantity, the short circuit of the secondary 
of the transformer, to be strictly correct, should be 
accomplished either by the actual material and cross 
section to be welded, or by another material which will 
produce the same short-circuit impedance. In _ the 
interest of simplified testing, however, the short circuit 
may be made using a copper bar, and the measurements 
made at reduced voltage as in a standard short-circuit 
test of a transformer. The wattmeter readings ob- 
tained under these conditions may be multiplied by the 
square of the ratio of the applied voltage for welding to 
the test voltage in order to obtain the short-circuit power 
level. This procedure neglects the small difference in 
transformer losses existing at the test power level and the 
actual power level. 

In addition to the short-circuit power level, for smooth, 
uniform flashing, the recovery of voltage after each in- 
dividual short circuit during the flashing period must 
be rapid. In order to accomplish this, the short-circuit 
impedance must be largely concentrated in the secondary 
loop of the welding machine rather than in the trans- 
former core. In other words, there must be a high 
ratio of secondary loop reactance to total impedance. 

The amount of upset to be used for a particular opera- 
tion depends on a great many factors. Possibly the 
most important of these is the depth of the heated zone. 
This is chiefly a function of flashing speed and velocity 
of heat flow. The minimum amount of upset is limited 
by incomplete exclusion of molten metal from the weld. 
Sufficient upset must be provided to squeeze all of the 
molten material out of the weld and provide good 
forging. The photomicrograph in Fig. 4 shows such a 
layer of trapped dendritic material resulting from in- 
sufficient upset. The presence of such a layer of pre- 
viously molten metal seriously reduces weld strength. 
The proper amount of upset is slightly in excess of that 
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required to eliminate trapped material. Increasing the 
amount of upset beyond that necessary for good weld 
quality results in objectionable distortion of the material. 

Machines with either hydraulic or positive upset sys- 
tems are used in this country. In hydraulically oper- 
ated machines it is necessary to determine the proper 
speed of upset and the pressure necessary to obtain 
suitable forging. In the direct action, positive push-up 
machines, upset is provided by a hardened steel block 
inserted in the cam. With this type of machine the 
amount of upset is determined by the height of this 
block above the flashing surface of the cam. 

One of the most important variables determining the 
quality of flash welds is the time relation between the 
beginning of upset and the cutoff of welding current. 
In the case of nickel and high-nickel alloys, if the current 
is cut off before upset, for a time as short as 3 or 4 cycles 
of a 60-cycle system, a more or less continuous oxide layer 
is formed at the interface of the weld with resultant loss 
in strength. A portion of a continuous oxide layer 
formed in this manner is shown in Fig. 5. If the current 
is maintained until upset is begun, access of air to the 
molten surfaces is prevented and oxidation is eliminated. 
However, when the current is cut off at upset without 
any further heating, inconsistent weld strengths are 
usually obtained in nickel and high-nickel alloys. This 
condition may be attributed to the fact that the depth 


Fig. 4—-Typical Example of Trapped Dendritic Material in a 
“K’' Monel Weld Made with Insufficient Upset. 


100 x 


tre 


Fig. 5—Continuous Oxide Layer in a Monel Weld Produced 
by Interrupting the Current Prior to Upset. 100 x 
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Fig. 6—Typical Flash Welding Oscillogram of a Properly Made 
Weld Showing Start of Upset, Current and Power Distributioy, 
and a 60-Cycle Timing Wave 


of the heated zone that is at the proper forging temper; 
ture is extremely small. As a result it is impossible 

properly forge the ragged surfaces produced by flashin 

The very narrow heated zone obtained in nickel ay, 
high-nickel alloys is caused by the low thermal diffy 
sivities of these materials in combination with satis 
factory flashing speeds. Stated in another way, th, 
temperature gradient required to maintain the speed oj 
heat flow equal to the speed of flashing is so great tha: 
the depth of the heated zone is very slight. 

Since the depth of the heated zone is insufficient 1 
allow good forging it is necessary that them aterial }) 
locally heated during upset. This is accomplished by 
passing a few cycles of high-magnitude short-circuit 
current through the weld when upsetting. The hea 
generated in this manner is sufficient for good forging 
If the heavy short-circuit current is maintained for to 
long a period, excessive heating of the metal adjacent t 
the weld region occurs, with resultant loss in strength 
The timing adjustment to insure optimum weld quality 
in this respect is very critical. If the short-cireui: 
power level during.upset could be controlled, the tin 
of current flow during upset would be less critical. For 
the materials and machine considered in this report 
times of the order of 2 cycles resulted in the best welds 
whereas times of approximately 5 cycles result in in 
consistent low-strength welds. Since the adjustment 
of the time of current flow during upset has such a pro 
nounced effect on weld properties, it is essential that this 
adjustment be made before any attempts are made t 
determine the effects of other flash welding variables 
Table 4 shows a comparison between the strength and 
consistency of flash welds made in */s-in. diameter 
Monel rod at identical welding conditions with and 
without passage of current during upset. It is apparent 
from these data that higher and more uniform weld 
strengths are obtained when current is allowed to flow 
during upset. 

If it were possible to independently control the mag 
nitude of the current which flows during upset, it is 
quite probable that the time adjustment described above 
could be made less critical. For this reason it is sug 
gested that equipment manufacturers consider methods 
of obtaining such control in future designs. 

The heat for the flash welding process is developed b) 
a series of discontinuous arcs of short duration during 
actual flashing, followed by a short-time flow of heavy 
current during upset. A typical oscillographic record 
for a flash weld is shown in Fig. 6. Traces for in 
stantaneous current, instantaneous power, upset and a 
60-cycle timing wave are included as indicated. It will 
be noted that the wave form of both the current and 
power traces is very irregular during the flashing period. 
After upset starts, however, large amplitude sinusoidal! 
deflections are obtained during the period which the 
short-circuit current flows. As previously shown, tlie 
amount of heat developed during this period greatly 
influences weld quality. It is also possible to accur 
ately obtain the flashing time from such an oscillogram 
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ent t 
‘ial by 
ed b, = A typical record of the energy input to a flash weld ts 
‘ircuit Table 4—Comparison of Strengths for Monel Flash Welds shown in Fig. 7. This record was obtained using the 
eee Made at Optimum —— with and Without Current = strip chart recording wattmeter. The sudden increase 
ratios low During Upset in power at the end of flashing is due to the short-circuit 
in “we Welding Conditions current which flows during upset. Both the total 
nt t Material........ . 4/s-in. diameter Monel rod watt-hours per weld and the distribution of this energy 
ngth [ey Flashing distance. . 0.442 in. may be obtained from such a record. The particular 
5 Flashing Time. . .. -+.+. 1.8 sec. record shown is for a weld made in '/,-in. diameter 
lality Upset distance............ 0.140 in. Che 
ircuit | End preparation... . pointed rods, 110° included angle nconel rod at the following conditions: 
tim Weld Strengths Flashing ey sec. 
For A B Flashing distance..............».....0.442 1n. 
port, & Current Flow for ces 0.125 in. 
elds Current Cut Off 2.5 Cycles Dur- lime of current flow during upset... .1'/2 cycles 
nin Ee at Upset Psi. ing Upset, Psi. End preparation...... aeaekoas pointed rods 
nent 65,800 79,000 ss .. .see Fig. 1 
pro 55,800 79,600 Under these conditions an average energy input ol 
this 45,600 77,500 2.33 watt-hours per weld was obtained at a power level 
le to 40,000 78,600 
bles Av 57,300 78,900 150 
and Standard deviation, psi 14,320 2,660 +. - — +--+ 
eter Coefficient of variation, % 25.0 3.37 
and 
rent a 
len by simply counting the number of cycles on the 60-cycle 
timing wave during which the welding current flows. 
ag Since the variation of current with time is very tr- . | 4 
regular, ordinary resistance welding current measuring 
devices are of little value in measuring the current re en 
quired for flash welding. 1e measurem of energ he T 2 t 
ug uired for flast Iding. The measurement of energy 
vis input, therefore, represents a special problem. Primary 
rather than secondary measurements are usually made sas 
50 
™ with flash welders because their construction makes it ° 
inconvenient to enter the secondary circuit. The 
following methods may be employed to obtain the mag- =e 
ale nitude and distribution of the energy input to flash welds. Lf] | 
|. Th peer EACH POINT REPRESENTS THE AVERAGE 
in . The use of a short period rapid recording strip STRENGTH OF AT LEAST FouR 
a chart wattmeter. ee | | 
ill 2. The use of a photoelectrically recording watt-hour “0 50 6.0 70 
d, 3. e use of electromagnetic oscillograph watt- . 
erat Fig. 8—-Strength Characteristic for */;-In.-Diam. Inconel Flash 
a meter elements. Welds 
- All of these methods measure real power, and hence, Flashing time, 2.5 sec. 
| readings taken with these devices will not be influenced rg aaa een ae 
by primary magnetizing transients. The power does, duting upest, 2 cycle 
: however, include the small transformer core and copper Optimum energy input, 5.19 watt-hr. per weld 
. losses associated with the machine. End preparation, pointed 
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Fig. 9—Partial Oxidation in a Nickel Weld Made at an Exces- 
sively High Power Level. 100 x 


resulting in good welds. Some idea of the reproducibil- 
ity of results may be determined from the following 
measurements of the energy input per weld made at the 
above conditions: 


Total Watt- 


Hours 
Weld No. per Weld 
l 2.26 
2 2.28 Average reading = 2.33 watt-hour 
3 2.28 Standard deviation = 0.037 watt-hour 
4 2.47 Coefficient of variation = 1.60% 
5 2. 


It has been observed in the case of nickel and high- 


nickel alloys that the best welds are obtained a: 


level just sufficient to maintain complete flashing Deine 
to upset. If insufficient power is available to by, 


away the short circuits which occur during the flashj, 

period, a butting condition results. This produces j, 
ferior welds as previously described. The use of te: 
high short-circuit power levels insures complete flashin, 
but causes too much material to are away with each j;, 
dividual short circuit. This effectively decreases}, 
frequency of flashing, thereby resulting in partial} o,; 
dation at the weld interface and lowered weld strengt} 
The typical weld strength characteristic of Fig. § jjjy 
trates the above effects. An example of partial oxiq, 

tion in a nickel flash weld is shown in Fig. 9. 

In Fig. 8 weld strength is plotted as a function of th, 
open-circuit secondary voltage prior to welding. Sing, 
the magnitude of the open-circuit voltage is direct) 
proportional to the short-circuit power level for a par 
ticular machine, higher open-circuit voltages correspon 
to greater energy inputs provided complete flashing js 
maintained. If butting occurs during the welding oper 
ation, however, a large amount of energy is consumed 
Since butting is uncontrolled and erratic in nature, th, 
amount of energy used to make a weld under this condi 
tion is also erratic. Therefore, any attempt to plot 
weld strength as a function of energy input becomes 
confusing since welds in which insufficient short-circuit 
power is available to maintain complete flashing actual) 
take more energy to make than those in which a higher 
short-circuit power level maintains complete flashing 
This situation is illustrated in Fig. 10 which shows tw: 
typical wattmeter records for flash welds made in '/ ;-in 
diameter Inconel rod at identical conditions except for 
short-circuit power level. In A, sufficient power was 
available to maintain complete flashing. The energy 
required to make this weld was 2.01 watt-hours. A 
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Fig. 10--Wattmeter Records Showing the Distribution of Energy in Flash Welds Made Under Identical Con- 
ditions Except for Short-Circuit Power Level. (A) Weld Made with an Available Short-Circuit Power 


Level Sufficient to Maintain Complete Flashing. (8B) 


Weld Made with a Lower Short-Circuit Power Level 


Showing the Effect of Butting 
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Jightly lower short-circuit power level was used to 
make B. Butting occurred during the flashing period 
it this power level. The amount of energy used to 
make this weld was 2.62 watt-hours, which represents 
in energy increase of 30% over that required for the 
higher short-circuit power level. The increase in energy 
- caused by the high-magnitude short-circuit current 
that 1s characteristic of butting. It should be borne in 
f nind that the values of open-circuit voltage shown in 
| Fig. S are meaningless except for the particular machine 
'on which these welds were made, because of impedance 


-ariations in different machines. The short-circuit 


F »ower level, however, may be used to transfer settings 


between different machines. In any event optimum 
weld strength and consistency are obtained at short- 
circuit power levels which are just sufficient to maintain 
complete flashing for a given set of welding conditions. 

It has been found for the materials used in this in- 
-estigation that some method of preparing the edges to be 
welded is essential to be able to start flashing without 
using excessively high power levels. Pointing the rods 
to an included angle of approximately 110° proved 
satisfactory in this respect. Without pointing, the 
relatively large contacting areas at the start of the 
operation reduce the current density to such a low value 
that it is nearly impossible to avoid a butting condition 


Fig. 11—Typical Photomicrograph of a Die Burn in a ' .-In. 
Diam. “K"’ Monel Weld Showing the Crack and Previously 
Melted Region. 
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Fig. 13 (a)—Microstructure of Nickel Rod Flash Welded at 
Recommended Conditions. 100 x 


Fig. 13 (b) 


Photomicrograph of Nickel Rod Showing Original 
Structure. 100 x 


as shown in Fig. 2. The effects of butting have already 
been described. It is possible with cams possessing a low 
initial rate of rise, such as Cam No. 2, Fig. 1, to com 
pletely flash unpointed material without butting if the 
short-circuit power level is sufficiently high. This 
practice, in general, results in welds of slightly lowered 
strength because of the effect of high short-circuit 
power levels in allowing partial oxidation of the flashing 
surfaces to take place. It is therefore recommended 
that some reproducible method of reducing the initial 
contact areas or increasing the available short-circuit 
power at the start of welding be employed if maximum 
strength welds are desired. 

The mechanical design of flash welders is such that 
conduction may be from one or both sides of the clamp 
ing device. If the conduction of current to the work 
takes place from one side only, die burns may result in 
materials of high resistivity and compact cross section. 
Die burns are caused by the action of high-current den 
sities that exist on the small contact areas between the 
welding dies and the work. These high-current den 
sities caused localized melting to take place. Under the 
action of thermal stresses set up in cooling these pre 


Fig. 12—Photograph Showing a '/;-In. Diam. Inconel Flash viously melted areas form cracks of considerable mag 
Weld Bent to Open the Die Burns on Each Side of the Weld nitude which reduce weld strength. Die burns are 
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Fig. 14 (a)—Microstructure of Monel Rod Flash Welded at 


Recommended Conditions. 100 


Fig. 14 (b) 


Photomicrograph of Monel Rod Showing Original 
Structure. 100 x 


exaggerated by the very high short-circuit currents which 
flow during upset. Figure 11 shows a photomicrograph 
of a typical die burn produced in */;-in. diameter Monel 
rod. The columnar structure clearly indicates the 
melting produced by the high-current density at this 
location. Figure 12 shows the location of the die burns 
on each side of the weld which have opened as the result 
of bending. For high-resistivity materials of compact 
cross section it is recommended that conduction from 
both sides of the clamping device be employed to elimin- 
ate these cracks. 

The more important considerations in flash welding 
may therefore be summarized as follows: 


A. Material characteristics. 
B. Welding variables. 
1. Cam shape. 


2. Flashing distance. 

3. Flashing time. 

4. Amount of upset. 

5. Time of current flow during upset. 

6. Energy input—distribution and total 

amount. 

7. Available short-circuit power level. 

8. Material preparation prior to welding. 

9. Method of conducting current to work. 
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Selection of Recommended Welding Conditions 


in a ho 

the hi 

Optimum conditions for flash welding the nicke] welds. 
Monel, “K’’ Monel and Inconel rod were selected oy the pondit 
basis of strength, consistency and Microstructyr, struct 

Figures 13 to 16 show a series of photomicrographs o; JJ Some 
good welds made in these alloys. These photographs region 
are accompanied by corresponding photomicrograph< format 
showing the structure of the parent metal. the el 
Briefly reviewing the discussion of the previous sex structul 
tion, there are three major defects which may be foyng JB weldiné 
in flash-welded nickel, Monel, ““K” Monel and Incone’ we pré 


as the result of improper machine adjustments. Ty, tion ol | 


presence of a continuous or intermittent line of oxiq The b 
at the weld interface, trapped dendritic material at th, recryst 
weld interface, and ‘‘overheating”’ in the weld region ture ol t 
or combinations of these defects, will cause serious r¢ The ! 
ductions in weld strength. Figures 3 (a), 4, 5 and 9 shoy shown 1 
typical examples of these defects. The conditions giving structu 
rise to these defects have been previously discussed is again 
Die burns, as shown in Fig. 11, may be considered as 4 The strt 
special type of defect since they occur at some distang Figur 
from the weld. weld. 
The microstructure of a good flash weld made in nicke! the cen 
rod is shown in Fig. 13 (a). In this and the succeeding photogt 
photomicrographs showing weld structure, the weld elevate 
interface passes through the center of the photographs the str 
Fig. 15 (a)—Microstructure of a ‘‘K’’ Monel Rod Flash Welded Fig. | 


at Recommended Conditions. 100 x 
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aa. 
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Fig. 15 (b)—Photomicrograph of ‘K"’ Monel Rod Showinc 
Original Structure. 100 x 
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‘na horizontal direction. It will be noted that none of 
‘he harmful defects mentioned above occur in good 
welds. The structure consists simply of a uniform 
ponding of equiaxed grains. The corresponding micro- 
structure of the rod material is shown in Fig. 13 (0). 
Some refinement of the grain structure in the weld 
region has occurred due to a combination of the de- 
‘yrmation produced by upset and recrystallization at 
the elevated temperature. Figure 14 (a) shows the 
structure of a Monel flash weld made using recommended 
welding conditions. Again, none of the major defects 
are present. Considerable deformation and fragmenta- 
tion of the grains in the vicinity of the weld is evident. 
fhe bond between the two rods is effected by small 
recrystallized grains at the weld interface. The struc- 
ture of the parent metal is shown in Fig. 14 (d) 

The microstructure of a typical ‘‘K’’ Monel weld is 
shown in Fig. 15 (a). A slight refinement of the grain 
structure is evident in the weld region. This refinement 
is again due to deformation followed by recrystallization. 
[he structure of the parent metal is shown in Fig. 15 (0). 

Figure 16 (a) shows the structure of a typical Inconel 
weld. The weld interface in this case is located through 
the center of the light etching region at the top of the 
photograph. Carbides which go into solution at the 
elevated welding temperature make it difficult to define 
the structure;in the weld region without some over- 


Fig. 16 (a)—-Microstructure of Inconel Rod Flash Welded at 
Recommended Conditions. 100 x 


< 


Fig. 16 (b) Photomicrograph of Inconel Rod Showing Original 
Structure. 100 x 
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Fig. 16 (c)—Structure of an Inconel Flash Weld Showing Car- 
bide Solution After Heating to 2100° F. Followed by Quench- 
ing. 100 x 


Fig. 17—-Typical Weld Fracture Produced by Tension Test 
10 


etching of the parent metal. Precipitation of carbides 
occurs immediately adjacent to the light etching region 
and is followed at a further distance from the weld by 
normal parent metal. This specimen was _ etched 
electrolytically with 10% sulphuric acid to show grain 
boundaries and precipitated carbides. The structure 
of the parent metal some distance away from the weld 
is shown in Fig. 16 (b). This specimen was lightly 
etched with a contrast reagent. Proof that the dark 
region in Fig. 16 (a) consists of precipitated carbides is 
given in Fig. 16 (c). To obtain this photograph a 
normal Inconel weld such as shown in Fig. 16 (a) was 
heated to 2100° F. for a short period of time and sub 
sequently quenched. All of the carbides were retained 
in solution giving rise to the coarse-grained, carbide-free 
structure shown in Fig. 16 (c). This sample was also 
electrolytically etched with 10°) sulphuric acid. The 
presence of precipitated carbides does not affect weld 
strength. 

A typical fracture obtained by testing a ‘‘K’’ Monel 
flash weld to failure in tension is shown in Fig. 17. An 
inspection of the specimen shows that failure does not 
follow the weld interface in properly made welds. 
Similar fractures are obtained for Nickel, Monel and In- 
conel welded at recommended conditions. 

Recommended conditions for flash welding the '/,- 
and */,-in. diameter nickel, Monel, ‘‘K’’ Monel and In- 
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Table 5—Recommended Conditions for Flash Welding Nickel Alloy Rods Table 


Current 
Duration 
Flashing Flashing During Upset 
Rod End Distance, Time, Upset, Distance, Watt Weld Rod R 
Material Diam., In Preparation In Sec Cycles In. Hrs./Weld Strength, Psi. Strength, p Dia 
Nickel a/, Pointed 0).442 2.5 1'/s 0.125 2.15 58,000 65,104 
Nickel 3/5 Pointed 0.442 2.5 2'/s 0.145 4.87 65,600 66.50 
Monel Pointed 0). 442 2.5 0.125 1.93 68,500 70,500 
Monel Pointed 0.442 2.5 0.145 5.55 80,300 Qt 
“K” Monel Pointed 442 2.5 0.125 2.02 93,900 100.00 
“K” Monel Pointed 0.442 2.5 0.145 +.79 98,800 
Inconel Pointed 0.442 2.5 0.125 2.15 101,200 LO9 800) 
Inconel 3/5 Pointed 0). 442 2.5 0.145 5.19 102,000 106,000 
conel rods are shown in Table 5. Using these condi- start of flashing. This allows easier starting than Cay 
tions it is possible to obtain highly consistent welds No. 1, but at the same time reduces the effective flashing terials 
with average strengths as listed in the table. The time since only a relatively small number of ares ocecy; of vary 
strength values in Table 5 represent the results of testing during the first 100° of rotation. Cam No. 2 may } welds 
from 25 to 50 welds at each set of conditions. It is viewed as possessing a limiting shape with respect to th, results 
interesting to note that the proper welding conditions low rate of rise at the start of flashing and the rapid rat; the pri 
for all the alloys in the '/,-in. rod size and all the alloys near the end. Any further increase in acceleratio; It ce 
in the */s-in. rod size are identical with the exception of near the end of flashing would undoubtedly result i; > that 
energy input. A flashing time of 2.5 sec. worked equally poor welds. Experience indicates that high-strength upset 
well for both rod sizes. welds of greater consistency would probably be obtained time V 
The welds shown in Table 5 were made using Cam with Cam No. 2 if it were modified so as to provide a of the 
No. 1, Fig. 1, which provides a flashing distance of slightly greater initial rate of rise followed by a less cut of 
0.442 in. It was not possible to obtain quite as high steep portion at the end of flashing. laver 
strength or consistent welds using Cam No. 2. How- The energy inputs shown in Table 5 are values ob effect: 
ever, many more welds were made using Cam No. 1 than _ tained for short-circuit power levels just high enough to the ef 
were made using Cam No.2. Ifacam providesareason- avoid butting, plus a small additional allowance which start 
able flashing distance and possesses a shape similar to acts as a safety factor. Maximum strength welds are Table 
Cam No. 1, Fig. 1, small variations in shape and hence obtained at short-circuit power levels just sufficient to for all 
the rate at which the pieces are moved together during maintain flashing. If the power level is lowered butting & In 
flashing, will not affect weld quality. The acceleration will result, thereby producing poor welds. Raising th: of av 
near the end of flashing provided by Cam No. 2, how- power level tends to reduce weld strength. These effects in Of 
ever, makes the use of a high short-circuit power level are shown in the typical strength characteristic of Fig. s nicke 


necessary to avoid butting. This sometimes allows 
slight oxidation to occur at the weld interface, which 


Reasonable variations in the less sensitive variables, best 
flashing time and amount of upset, do not particularly —& 


i i i ; areas 
accounts for the erratic results obtained with this cam. affect weld strength. Table 6 shows the variations crea 
Cam No. 2 also provides a very low rate of rise at the produced by changes in flashing time for all the ma the 1 

in th 
In 
Table 6—The Effect of Varying Flashing Time on the Quality of Welds Made at Optimum Short-Circuit Power Level rahe 
Time of 7 
Current Flow dian 
Rod End Flashing Flashing Upset Dis- During Up- Weld , con 
Material Diam., In Preparation Distance, In. Time, Sec. tance, In. set Cycles Strength, Psi 
Nickel 3/5 Pointed 0.442 1.75 0.140 2 64,000 
Nickel 3/5 Pointed ().442 2.47 0.145 2.5 65,600 
Nickel 3 /, Pointed 0.442 3.50 0.140 2.5 65,000 
Nickel Ul, Pointed 0.442 1.80 0.120 2 57,300 | Tal 
Nickel V/, Pointed 0.442 2.50 0.125 1.5 58,000 a 
Nickel Pointed ).442 0.125 2 52,500 
Monel 3/5 Pointed ().442 1.75 0.140 2 78,500 
Monel 3/, Pointed 0.442 2.47 0.145 2.5 80,300 
Monel 3/4 Pointed 0.442 3.57 0.140 2.5 79,700 
Monel Ml, Pointed 0.442 1.80 0.125 2 63,000 
Monel M/, Pointed 0.442 2.50 0.125 1.5 68,500 
Monel Is, Pointed 0.442 4.10 0.125 2 63,300 
Monel Pointed (). 442 1.70 0.145 3.5 93,700 
Monel Pointed 0.442 2.47 0.145 2.5 98,800 
Monel Pointed 0.442 3.50 0.137 2.5 97,700 
“K” Monel /, Pointed 0.442 1.80 0.125 2 93,000 
“K”’ Monel t/, Pointed 0.442 2.50 0.125 1.5 94,500 
Monel t/, Pointed 0.442 4.10 0.125 1.5 90,300 
Inconel 3/5 Pointed ().442 1.78 0.140 2 101,300 
Inconel 3/, Pointed 0.442 2.47 0.145 2.5 102,000 
Inconel 3/5 Pointed ().442 3.57 0.140 2 99,800 
Inconel Wf, Pointed 0.442 1.80 0.120 2 96,500 
Inconel Pointed 0.442 2.50 0.125 1.5 101,200 
Inconel Pointed ().442 0.125 2 99,100 
WELDING RESEARCH SUPPLEMENT OCTOBER 1 
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Table 7—The Effect of Varying the Amount of Upset on the Strength of Inconel Flash Welds Made at Optimum Short- 
Circuit Power Level 


Time of 
Current 


Rod Flow Dur 
Diam End Flashing Flashing Upset Dis- ing Upset Weld 
In Preparation Distance, In. Time, Sec. tance, In. Cycles Strength, Psi Remarks 
Pointed 0.442 2.47 0.066 2 94,000 lrapped cast metal at 
weld interface 
Pointed 0.442 2.47 0.087 2 101,000 
Pointed 0.442 2.47 0.099 2 100,000 
Pointed 0.442 2.47 0.125 2 101,200 
Pointed 0.442 2.47 0.133 2 100,800 
Pointed (). 442 2.47 0.154 2 100,100 Distortion 


terials and sizes investigated. Table 7 shows the effect 
of varying the amount of upset on the quality of flash 
welds made in '/q-in. diameter Inconel rod. Similar 
results were obtained for the other materials included in 
the program. 

It cannot be overemphasized in connection with Table 
5, that small changes in the time of current flow during 
upset greatly affect weld quality. Lengthening this 
time will cause partial melting at the grain boundaries 
of the metal near the weld interface. If the current is 
cut off prior to upset, a more or less continuous oxide 
layer will be formed between the rods. Both of these 
effects have been previously discussed. Data showing 
the effect of changing the time relationship between the 
start of upset and the cutoff of current are presented in 
lable 8. These results are typical of those obtained 
for all the alloys which were studied. 

In conclusion, it is necessary to employ some method 
of avoiding a butting condition at the start of welding 
in order to insure high strength, consistent welds in 
nickel, Monel, ““K’’ Monel and Inconel. This may 
best be accomplished by reducing the initial contact 
areas or by momentarily raising the available short- 
circuit power level at the start of welding. Pointing 
the rods to an included angle of 110° proved satisfactory 
in this investigation. 

In order to determine the extent to which welded 
areas of ““K’’ Monel can be age hardened, a series of 
hardness traverses were run on typical '/4- and */s-in. 
diameter specimens flash welded at the recommended 
conditions listed in Table 5. The average results of 


these tests are shown in Fig. IS. The reduced weld 
hardness in the '/,-in. rod after heat treatment is prob 
ably due to a small loss of aluminum during welding. 
It can be concluded from these data that flash-welded 
“K”"’ Monel hardens satisfactorily to a level closely 
approximating that of the parent metal. 


Summary 


A summary of the more important points in the above 
discussion is briefly presented below. 

1. Recommended conditions for flash welding ' , 
and */s-in. diameter nickel, Monel, ““K’’ Monel and In 
conel rod have been established. 

2. A method of obtaining the distribution and total 
amount of energy used to make a flash weld has been 
developed using a high-speed recording wattmeter. 

4. Optimum strength flash welds are obtained at 
short-circuit power levels just sufficient to maintain 
uniform fine flashing at the surfaces to be welded. Lower 
power levels cause ‘butting’ which results in erratic, 
low-strength welds. Higher power levels allow oxides 
to be trapped at the weld interface, which also reduce 
weld strength. 

1. In nickel and high-nickel alloys it is necessary to 
maintain current flow during the initial stages of upset 
to facilitate proper forging. 

5. The microstructure of properly made flash welds 
in nickel and high-nickel alloys is similar to the structure 


Table 8—The Effect of Varying the Time of Current Flow During Upset on the Strength of Monel Flash Welds Made at 
Optimum Short-Circuit Power Level 


Rod 
Diam End Flashing Flashing Upset Dis Time of Current Flow Weld 
In. Preparation Distance, In. Time, Sec tance, In During Upset Cycles Strength Psi Remarks 
4/5 Pointed 0.442 1.87 0.120 Current cut off 3 $4,400 Very errati 
cycles before strengths 
start of upset 
‘/s Pointed 0.442 1.72 0.120 Current cut off 1 34,100 Very erratic 
cycle before strengths 
start of upset ° 
*/s Pointed (). 442 1.72 0.120 0 62,600 Erratic 
strengths 
3/5 Pointed 0.442 1.75 0.140 1.5 76,200 
4/5 Pointed ).442 1.75 0.140 2.0 78,200 
3/5 Pointed ().442 1.75 0.145 2.5 78,500 
*/s Pointed 0.442 1.83 0.140 3.5 77,500 
3/. Pointed 0.442 1.75 0.140 Over 5 Welds fall apart 
during upset 
very errati 
results 
1943 FLASH WELDING NICKEL ALLOYS 543-s 
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HARDNESS TRAVERSES OF "K" MONEL FLASH WELDS, 


of the parent material. However, a slight refinement 
and deformation of the grain structure in the weld region 


6. When high-resistivity materials of compact cross 
section are welded in machines providing current con. 
duction to the work from only one side of the clam 


Ping 
device, die burns result from the combined 


action of 
high-current density and thermal stresses at the edy 
of the dies nearest the weld. . 

7. Three major defects are found in flash-weldeq 
nickel, Monel, ““K’’ Monel and Inconel as the result of 
improper machine settings. These defects are liste, 


es 


(a) A continuous or intermittent line of oxide at the 
weld interface. 

(6) Trapped dendritic material at the weld interface 

(c) Partial melting at the grain boundaries in ti, 


8. Although open-circuit voltage has been used jy 
this investigation to express differences in machine set 
tings for power level, it should be realized that for the 
transfer of settings from one machine to another, the 
short-circuit power level should be specified rather than 
the open-circuit voltage. It must also be realized that 
similar flashing characteristics will not be obtained 
unless the ratio of secondary loop reactance to total 
impedance is the same. Improved flashing results when 
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FUNDAMENTALS OF WELDING METALLURGY 
A brief textbook on the A, B, C in Metallurgy which enables one to understand 
articles on Metallurgy and to appreciate the Metallurgical problems involved in welding. 
The book—357 pages—is based upon a series of twenty lectures given at Polytechnic 
Institute of Brooklyn in cooperation with the New York Section of the American Weld- 
ing Society. The book is bound practically in imitation blue leather covers. Price of 
the book is $1.50 per copy. These lectures were prepared by Professor Otto H. Henry of 
the Polytechnic Institute of Brooklyn and Dr. G. E. Claussen of the same University, 
who was also connected with the Welding Research Council. 
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Weldability Tests of Aircraft 


Structural Steels 


By C. B. Voldrich and R. D. Williams‘ 


Introduction 


HE increasing use of fusion welding for the fabri- 

cation of aircraft structures, and the wartime 

necessity for the use of alternate steels to sup- 
plant those with larger amounts of critical alloying ele- 
ments, have made essential the development of testing 
procedures to determine the welding properties of the 
structural aircraft steels. 

This paper describes a number of tests which have been 
used for the evaluation of the weldability of various types 
of steel, and discusses the usefulness of these tests when 
applied to the air-hardening alloy steels for aircraft struc- 
tures. Most of the tests have been included in various 
investigations at Battelle Institute, and among them 
are the five which have been recommended by the Sub- 
committee on Weldability Standards for Alternate Air- 
craft Steels of the Welding Research Council, for use as 
weldability standards. 

The tests are most useful when applied as ‘“‘direct com- 
parison’’ tests which evaluate the steel under investiga- 
tion relative to a standard steel whose behavior and 
properties have already been established. For example, 
5.A.E. 4130 steel has been used as a standard of compari- 
son for several NE 8600 and other alloy steels, and the 
weldability rating of the alternate steels is expressed in 
terms of the standard, rather than as an absolute value. 

The authors wish to express their appreciation to the 
Subcommittee on Weldability Standards for Alternate 
Aircraft Steels, the Office of Production Research and 
Development of the War Production Board, and to Mr. 
J. B. Johnson, of Wright Field, for permission to use data 
obtained during studies at the Institute of the weld- 
ability of various air-hardening steels. 


The Weldability Tests 
General Considerations 


All tests described below were designed for material 
in the form of plate or sheet up to 1/, in. thick, and for 
seamless or seam-welded tubing 1 in. outside diameter 
with 0.049 or 0.065 in. wall thickness. However, the 
tests may be adapted to thicker plates and larger tube 
sizes, within certain limits. 


Most of the test welding was done by the metal-are 


ogg remented at the Annual Meeting, A.W.S., Chicago, Ill., Oct. 18 to 21, 


, t Welding Engineer and Research Engineer, respectively, Battelle Memorial 
nstitute. 


method, with commercial carbon-steel and alloy-steel 
electrodes in the diameters normally used for aircraft 
welding. Oxyacetylene welding was used only in two of 
the tests, both on tubing, under the assumption that a 
steel exhibiting satisfactory weldability when arc welded 
will be just as weldable when the oxyacetylene method 
is used. This assumption is valid only when it is desired 
mainly to determine the hard-cracking and hardening 
tendencies of a steel. When a steel is to be fabricated by 
gas welding, additional gas-welding tests are desirable, 
since the steel may be susceptible to hot cracking even 
though it may be are welded without difficulty. 

The general procedure was to weld the specimens first 
without preheat, and then to check the weldability by 
making welds at a low temperature (— 40° F.) and with 
preheat (200° and 350° F.). Wherever possible, hard- 
ness measurements were made on weld-joint sections, 
and a record was kept of the incidence of cracks in all 
types of specimens. The incidence of cracking is ordi- 
narily not reducible to a number indicative of the level 
of weldability, and it was necessary to weigh the results 
of several different tests to form a satisfactory judgment 
of the cracking tendency of the steels tested. If a num- 
ber of steels of the same general type are at hand, and if 
the production-welding behavior or quality of one or 
more of the steels is known, it becomes possible to deter- 
mine the relative crack sensitivity of all the steels by 
means of a test such as the circular weld-bead test, 
which is described later. 

Under specific welding conditions, the degree of crack 
sefisitivity of a steel is not the only necessary criterion of 
its usefulness. A steel may be relatively non-crack- 
sensitive during welding, but the fusion line and heat- 
affected zone adjacent to the welds may be deficient in 
strength and ductility, even though the metal apparently 
is sound. On the other hand, steels have been tested 
which had comparatively low welding hardenability, 
but which were highly susceptible to hard cracking. It 
was therefore necessary to supplement the hardness and 
cracking tests with tests for ductility and strength of the 
welded joints. Thus far, no completely satisfactory 
test for ductility of the heat-affiected metal adjacent to 
welds has been developed, but some of the tests described 
herein, notably the tee-bend test, seem to give a usable 
indication of ductility. 


Weld-Bead Hardness Test 


A weld bead deposited on a steel plate makes a sim- 
ple and effective specimen for the measurement of the 
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Fig. 1—Weld-Bead Hardness for Various Steels at Three Initial 
Weld Temperatures 


hardness produced in the parent metal by welding. 
In addition, some indication of the cracking tendency 
of the steel may be obtained. In the Battelle tests of 
aircraft structural steels, the weld-bead specimen was 
usually made on plates '/, in. thick, with the size and type 
of electrode and other welding conditions chosen to ap- 
proximate the procedure that would be used for a similar 
bead weld or saddle weld in production work. 

Metal-are bead hardness tests have also been made on 
steel plates '/, in. thick, but the hardness and cracking 
indications were less consistent and reliable than when 
1/,-in. plates were used. Bead deposit tests on !/,-in. 
plate were also made using oxyacetylene welding, but 
gave no useful information on the maximum hardening 
tendency of the steels tested, and no information on 
cracking. 

Figure 1 shows the data that were obtained from weld- 
bead hardness tests on a group of alloy steels, some of 
which are typical aircraft structural steels. The maxi- 
mum hardness in the heat-affected parent metal increases 
with the carbon content, and with an increase in the 
cooling rate. Considering only the S.A.E. 4130 and 
NE 8600 steels, it would appear that the occurrence of 
cracking (indicated by asterisks in Fig. 1) can be cor- 
related with the maximum hardness, i.e., that under 
severe welding conditions, the steels which develop a 
maximum hardness less than 550 Vickers will not crack. 
If we neglect other factors such as ductility and strength, 
the above relation may be valid for a given class of steels 
which do not differ too widely in their heat and processing 
history. That the relation between hardness and crack- 
ing cannot be applied too broadly, however, is illustrated 
by the alloy steels X and Y in Fig. 1, which cracked at a 
considerably lower hardness than the other steels. By 
means of a special heat treatment, steels X and Y were 
rendered less susceptible to cracking in the weld-bead 
test, but the maximum hardness in the heat-affected 
zone was not appreciably reduced. 

In this light, the weld-bead hardness test may be 
classed among the less useful tests in a diagnosis of the 
welding qualities of aircraft structural steels, for which 
the factor of hardness adjacent to welds seems to bear 
less weight, relative to other weldability factors, than it 
does for less hardenable steels such as the carbon- 
manganese structural steels. Because of its simplicity, 
however, the bead-hardness test may be used as a first 
approximation of the weldability of the aircraft struc- 
tural steels. It is most useful if a group of steels is tested 
simultaneously or similarly, or if other test data are 
available for comparison purposes. It is least useful 
when applied as an isolated test to only one or two steels, 
because the hardness and cracking indications are then 
likely to be misinterpreted. 
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Hardness Tests on Weld-Joint Sections 


A satisfactory measure of the weld hardenabil; 
aircraft structural steels may be obtained from 
surveys on sections of various kinds of weld jo 
the hardness data serve very well in lieu of those ob. 
tained in the weld-bead test. Figure 2 compares the 
hardness maxima obtained from sections of the | in 
bead-deposit specimen, the '/,-in. tee-joint specimen anj 
the tubular triangle specimen (described fully later jy 
this report). There are great differences in the welding 
conditions for these three tests, but the hardness ing; 
cations from the weld-joint tests have comparab} 
trends, for different steels, and may be used in the diag. 
nosis of weldability under the same limitations suggested 
for the bead-deposit test. 

Hardness surveys on sections of butt-welded joints jy 
plate and sheet have also been made. 


ty of the 
hardnesg 
ints, and 


than one weld bead or pass is ordinarily used to complet 


the joint, and the heat effects are more complex. Hard. 
ness surveys of this type are more useful, it is believed 
in a study of a particular type of joint or welding tech. 


nique, than in a study of the basic weldability of stee\s 


The cracking indications obtained from the sections oj 
various weld joints are not consistent with the weldability 
rating which was ultimately arrived at, after an analysis 
For example, the maxi. 


of the results of various tests. 
mum hardness in the '/,-in. tee-joint (Fig. 2) was some 


what higher than for the '/,-in. bead-deposit plate (and 
this is in line with the respective welding conditions), but 
the incidence of cracking in the fillet-welded tee joint was 


In these, the 
hardness data are more difficult to interpret, sinc more 
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Fig. 2—Comparison of Maximum Hardness in Heat-Affected 

Parent Metal of Bead Deposit, Tee-Bend and Tube-Triangle 

‘Specimens from Various Steels, Metal Arc Welded at —40 
and 80° F, Initial (Interpass) Temp. 
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jess, or practically non-existent. Similarly, the crack- 


I 
of in tubular welds seems to be dependent more on the 
factor of restraint at the weld joint than on the maximum 
hardiess. This will be discussed in greater detail in 


later sections. 
Longitudinal Weld-Bead Bend Test 


The longitudinal weld-bead bend test is one of several 
intended to evaluate the weldability of a steel on the 
basis of (1) the ductility of the heat-affected metal ad- 
iacent to the weld, and (2) the occurrence of fine cracks 
adjacent to the weld. It has been widely used for tests 
of plain carbon and alloy steels, but the data at present 
available have indicated that it is not suitable as a meas- 
ure of weldability. 

A typical longitudinal bead bend specimen is made by 
depositing a 6-in. weld bead (under specified welding 
conditions, as in the bead-hardness test) on a steei plate 
\/, to 1 in. thick, in the direction of rolling. The speci- 
men is then cut to a width of 11/2 to 2 in. and a thick- 
ness of °/, in., with the weld bead, either intact or ground 
flush, along the longitudinal axis of the specimen. It is 
then tested in a guided-bend jig with the welded surface 
in bending tension. 

It would be expected that steels of lesser weldability, 
with high hardness and supposedly lowest ductility in 
the heat-affected zones, and with possible cracks in the 
heat-affected metal, would fail at a lower load or angle 
of bend than more weldable steels. The experience 
has been, however, that the specimen generally begins 
to tear in the weld metal; this initial failure in the weld 
metal spoils the specimen for further observation of 
bending effects in the heat-affected zone. Failures origi- 
nate very rarely in cracks in the heat-affected parent 
metal, because if cracks are present, they almost always 
extend in the direction of the weld bead, rather than 
transversely to it. 

In view of the negative results obtained in investiga- 
tions at Battelle and other laboratories, the longitudinal 
weld-bead bend test was not used for weldability tests of 
aircraft structural steels, and no test data are available. 
The longitudinal bend test has been discussed here be- 
cause of its relationship to other tests described in the 
succeeding sections, and because it is believed that all its 
possibilities have not been exhausted. Recent studies 
have shown that the longitudinal bend 
specimen may be useful in tests of thin me 
sheets, in which the heat-affected zone 


specimen with the butt weld along the longitudinal axis of 
the specimen. The weld reinforcement was ground flush 
on both sides. After machining, the reduced section of 
the specimens was marked off in 0.l-in. transverse gage 
lengths on both surfaces, the gage lines extending the full 
width of the reduced section, across unaffected and heat- 
affected parent metal and the weld metal. The specimens 
were very slowly loaded in axial tension, and both surfaces 
of the reduced section were watched for the appearance of 
initial cracks or fractures. It was found that the tension 
specimens had the same fault as the bend specimens 
previously described; with a few exceptions, failure origi- 
nated in the weld metal and progressed outward 
through the parent plate. 

Similar tests were also made with the face and root weld 
reinforcement not removed. The results of these tests 
gave no better data than those obtained from tests of the 
smooth specimens. 

An interesting feature of this test was that the elonga- 
tion measurements on the heat-affected parent metal, 
in the region of fracture where considerable necking had 
taken place, indicated that the heat-affected metal had 
an unexpectedly high ductility (of the order of 20% 
elongation in 0.1 in.), despite the high hardness in this 
zone. It was felt that this was not a true indication of 
the ductility of the hardened zones, because of the sup- 
port and restraint offered by the adjacent weld and un- 
affected parent metal, and also, that perhaps the ap- 
parent elongation was the result of the extension of 
numerous microscopic cracks in the heat-affected metal. 
Sections of the deformed metal were polished and ex- 
amined at high magnifications, but no evidence of fine 
cracking was found. The reasons for the high elonga- 
tions in the heat-affected metal have thus far not been 
determined. 

In view of the negative results obtained from a large 
number of tests on several aircraft structural steels, it 
was concluded that the longitudinal butt-weld tension 
test was not applicable to the investigation of weldability. 


Tee-Bend Test 


While the tee-bend specimen is physically quite dif- 
ferent from other weld-bend specimens, it also functions 
as a strain test of the heat-affected metal adjacent to 
welds, and gives fairly reliable indications of the welding 


it 


extends through the full thickness of 
the parent plate, and bending fracture 
is more likely to originate in the plate 
than in the weld metal. is) ae 


Longitudinal Butt-Weld Tension Test 


This test was also designed to measure 
the relative ductility of the heat- 
affected and unaffected parent metal in 
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a welded specimen, and to detect minute 
cracks adjacent to the weld. After re- 
viewing the experience with the longi- 
tudinal bead bend test, it was thought 
that if the heat-affected bands adjacent 
to a weld were strained uniformly along 
a considerable length, rather than on 
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local transverse elements as in the 


guided-bend test, some satisfactory 
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observations of ductility and cracking 
could be obtained. 

Standard flat tension specimens were 
made by welding together two !/,-in. 
steel plates (using a 60° double-vee 
butt joint) and machining the tension 
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Fig. 3—Weld Specimen for Tee-Bend Test of '/,-In. Plate 
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Typel. With this type, fractures 
under both fillets are common, 
the second coming consider- 
ably after the first. 


Type I-A. With this type, frac- 

tures under both fillets are com- 
= Cy mon, the second coming con- 

siderably after the first. 


Type II. With this type, a frac- 
ture under one fillet only is 
common as it is essentially com- 
plete immediately after it 
occurs. 


Fig. 4—Types of Fractures in Tee-Bend Specimens 


quality of various steels. It has been used widely for 
weldability tests of structural steels, and can be applied 
to similar tests of alloy steels for aircraft structures. 

The specimen used at Battelle Institute is patterned 
after the standard A.W.S. tee-bend specimen, but differs 
in the dimensions of the test plates and in the use of con- 
tinuous rather than intermittent fillet welds. Details 
of the weld specimen, as used for aircraft steels, are 
given in Fig. 3. To obtain consistent results, it is im- 
perative that the rate of deposition of the fillet welds, 
and their size and shape, be rigidly controlled. This is 
essentially a matter of practice by the operator, and the 
regulation of electrode burnoff vs. speed of travel. The 
bend specimens are tested in a standard tee-bend jig, 
and a record is made of the angle of bend at maximum 
load and at the first crack or fracture. The type of frac- 
ture, as illustrated in Fig. 4, is also recorded. 

Figure 5 shows tee-bend test data for a group of air- 
craft steels. A large angle of bend indicates a relatively 
high level of weldability, and also, the farther a specti- 
men bends after reaching maximum load and before 
cracking (angle at first crack minus angle at maximum 
load), the greater the ductility in the heat-affected zone. 
The latter interpretation may be open to question, since 
most of the ductility probably occurs in the outer regions 
of the heat-affected zone rather than in the hardest por- 
tion thereof. However, the difference in the two angles 
of bend is consistent with other weldability indications, 
and may therefore be considered as adding to or detract- 
ing from the general weldability rating. The relation be- 
tween the maximum loads for different steels has not 
been found as consistent as the angle-of-bend data, and 
has not been considered in the weldability evaluation. 

In addition to the angle-of-bend criterion, the type of 
fracture also contributes important information regard- 
ing weldability. Referring to Fig. 4, Type I-A fracture 
is considered most desirable; Type I slightly less so; and 
Type II indicates unsatisfactory or conditional weld- 
ability. This interpretation of the character of fracture 
is based on published data on steels other than aircraft 
structural steels, but is believed to be fully applicable to 
the latter group, since it has been found possible to 
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classify most of the aircraft steels with good consistence 
according to the type of fracture, and the data « witons 
well with other weldability indications. 

The center section of the welded tee-joint is po}; 
examined for cracks, and surveyed for maximum parent. 
metal hardness as shown in Fig. 3. Typical hardnes 
data from the tee-joint section have been presented ‘. 
Fig. 2. It is noteworthy that the incidence of parent. 
metal cracks adjacent to the fillet welds is considerably 
less than in other weld tests of '/4-in. plate, even though 
the maximum hardness is generally higher in the ee 
joint. This further illustrates the point that the jing 
dence of cracking does not uniformly rise and fall with 
the degree of hardness in the heat-affected metal. The 
reasons for the relatively small amount of cracking jp 
the welded tee-joint specimens have not been established 


Transverse Weld-Bead Bend Test 


Transverse weld-bead bend tests of various kinds haye 
been employed with some success in testing for weld. 
ability, but mostly on steel plates thicker than are norm. 
ally used in aircraft structures. It was thought that 
this test could be adapted to a study of aircraft steels, 
and might yield the same type of information as the 
tee-bend test, while requiring a much simpler specimen. 

An electrode size, current and welding speed were 
chosen which produced a heat-affected zone under g 
weld bead on '/,-in. plate comparable to the heat. 
affected zone adjacent to the fillet welds in the tee-bend 
specimen. The weld bead was deposited along the trans- 
verse center line of a '/s-in. plate 1'/2 in. wide and 6 in, 
long. In order to obtain a uniform bead across the entire 
width, with no breaking down of the corners of the plate 
during welding, the bead was started and stopped on 
auxiliary steel plates on either side of the bend specimen. 

The specimens were tested in a standard tee-bend jig 
with the weld bead on the tension side. Results of this 
test, for a group of aircraft steels, are given in Fig. 6. 
For the steels up to NE 8630, the angle-of-bend data 
show good correlation with carbon content, but there- 
after the behavior of the specimen changes abruptly, 
and the angle of bend for the higher carbon steels is uni- 
formly low. The transverse bead bend test does not 
differentiate between these steels as distinctly as the 
tee-bend test, and is therefore considered unsatisfactory, 
at least in the form described. 
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Fig. 5—Angle of Bend in Tee-Bend Test for Various Steels 
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Vee-Notch Slow Bend Test '70 


iStency 
ro The notch slow bend test, in which a transverse bead =» 
form specimen is machined with the weld bead ground flush © i160} QUENCHED AND ORAWN f : 
lished and notched along its length (transverse to axis of bend- 
parent. ing) to the base of the weld deposit, has been used with af 150 F \ fo } 
idnesc some success in tests of carbon-manganese and struc- a. / \ / 
ited in tural alloy steels. Its function is to evaluate the duc- = / \ P vA 
parent. tility of the heat-affected parent metal at the root of the 2 140 F hf VS q 
lerably notch, by means of measurements of the angle of bend §& y, AS wd 
though or width of the notch face at the instant that a crack or & 130 + yy WELDED 4 bf 4 , 
he tee. complete fracture occurs at the notch. ” f 
le inc; This test was not used in the Battelle weldability tests 
ll with of aircraft steels because it is not easily applied to plate am '20r NORMALIZED’ — 7 
The less than '/, in. thick, which is heavier than most aircraft Fa ' ee 
king in stock. There was also the belief that for tests of air- ™ jo} / J 
lished hardening steels such as S.A.E 4130 and NE 8630-NE 
8645, a notch-type specimen would introduce factors, 3 100 
chief among them notch sensitivity, which do not prop- = 4 7 
Ishave [erly belong in a study of the ductility-weldability m CLASS E 6013 ELECTRODE 
Transverse Butt-Weld Tension Test of '/-In. Plate 4 
steels, Tension tests of welded joints provide information on o 
as the the mechanical properties of the heat-affected parent 62 
men, metal and the fusion line (bond). If, during the welding 
1 were of the joint, trouble with cracking of the parent metal is TYPE OF FAILURE INDICATED BY SYMBOLS: 
nder a consistently encountered, this becomes a good test of = UNAFFECTED PARENT 
- heat- weldability even before the tension tests are made. If napil D PARE METAL 
e-bend cracking is present in amounts or dimensions not easily h= HEAT-AFFECTED PARENT METAL 
> trans. detectable by ordinary non-destructive inspection meth- ‘ = FUSION LINE OR WELD 
d 6 in, ods, its presence may be reflected by low tensile-strength 
> entire values. Mit no cracking occurs, the tension test is Still Fig. 7—Average —_ Strength of Welded Joints in */,-In. 
eet from Various Steels 
e plate informative as regards the welding qualities of the steel 
ped on because it will show the limits of strength which can be : : ) : 
cimen, obtained with various types of electrodes, welding tech- the microscope also provide usefyl information on the 
nd jig niques and heat treatments; and, at the same time, the quality of the weld joint. 
of this location and character of fractures will show the quality For tests of '/,-in. plate, the specimen was made by 
Fig. 6, of the junction between weld and parent metal and the butt welding two steel plates, using a 60” single-vee 
d data effects of extreme hardness gradients on the over-all joint groove with backing strip, and machining reduced-sec- 
there. strength. A hardness survey of the weld section and tion specimens, reinforcement not removed, transversely 
ruptly, examination of the polished and etched section under the weld joint. Specimens were first welded without 
3 oni. the use of preheat. If cracks adjacent to the weld 
es not developed under this welding condition, a similar group 
as the 80 of welded at the stage of —, 
sctory 200° F. If cracking again occurred, a third group o 
oe ANGLE OF BEND AT plates was welded at a preheat of 350° F. For the oe 
70F MAXIMUM LOAD of aircraft structural steels discussed in this report, it 
a (FIRST CRACK ADJACENT was seldom found necessary to go beyond 350° F. pre- 
wo TO WELD) heat in order to prevent cracking adjacent to butt welds. 
ws SOF The single-vee joint is relatively easy to weld, and usually 
4 sound plates for the tension test can be obtained. A 
© 50 more severe measure of the cracking tendency was ob- 
4 tained by using a double-vee groove. After deposition 
- of the first pass on one side of the double-vee groove, the 
9 40 plate was allowed to cool slowly to room temperature. 
W In many steels, this joint cracked during cooling after 
30 the first pass, the crack starting at the root of the weld, 
5 and extending in the heat-affected metal through the full 
uJ thickness of the plate. The cracks were sometimes 
FG} 20 found on both sides of the weld, indicating the influence 
rs of stresses other than the transverse shrinkage stress. 
< For a given steel of the air-hardening type, a higher 
10 preheat temperature was found necessary for the suc- 
cessful welding of the double-vee groove than was re- 
0 quired for the single-vee with backing strip. It was, of 
& oO course, possible to prevent cracking in the double-vee 
S S "3 — 3 > wo joint by not allowing the temperature of the plates to 
o o ® be oo @ decrease between passes, but this condition was difficult 
to maintain, since the root of the first weld required some 
” cleaning. The double-vee joint was not adopted for the 
Fig. 6—Angle of Bend in Transverse Weld-Bead Specimens for weldability tension tests of aircraft steels, despite its 
teels Various Steels usefulness as an indicator of cracking tendency, because 
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Fig. 8—Strength of Welded Joints in '/,-In. Sheet from Various 
Steels, in Comparison with the Strength of Unwelded Sheet 
Similarly Heat Treated 


of the possibility that factors other than weldability— 
for example, notch effect—contribute to the ease or fre- 
quency of cracking in this joint. A more reliable meas- 
ure of the cracking tendency can be obtained from other 
tests. 

The welded tension specimens were tested with the 
weld reinforcement not removed, since it was desired to 
reduce the chances of failures in the weld, so that more 
data on the strength of the heat-affected parent plate 
and the fusion line could be secured. For the same 
reason, alloy-steel electrodes were used. Specimens 
were tested in the heat-treated condition, in addition 
to the as-welded condition, and unwelded control speci- 
mens with similar heat treatments were also tested to 
provide a basis of comparison for the welded specimens. 


Transverse Butt-Weld Tension Test of '/s-In. Sheet 


The specimens for this test were reduced-section ten- 
sion specimens taken transversely to a single-vee butt 
weld in '/s-in. sheet. The welding and testing procedures 
were in general the same as for '/,-in. plate, except that 
plain carbon steel electrodes were used instead of alloy- 
steel electrodes. In the welding of the thinner sections, 
it has been found that there is usually sufficient pick-up 
of alloying elements from the parent metal to provide 
adequate strength in the weld metal. 

The data obtained from tension tests of '/s-in. butt- 
welded sheet and the interpretations pertaining to weld- 
ability are similar to those for '/,-in. plate. Figure 7 
shows the average tensile strength of welded joints in 
'/;-in. sheet for a group of NE 8600 steels and an S.A.E. 
4130 steel, and indicates the most common type of frac- 
ture for each condition. The data show that for the as- 
welded and normalized (after welding) specimens, the 
general trend was for strength to increase with increasing 
carbon content. For steels with less than 0.30% carbon, 
the specimen usually failed in the unaffected parent 
plate; for more than 0.30% carbon, the failures occurred 
in the heat-affected zone or on the fusion line. For the 
quenched-and-drawn specimens, all failures occurred on 
the fusion line or in the weld metal, and the maximum 
strength for these specimens was reached at about 0.30% 
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carbon. Additional strength in the 


drawn specimens could possibly be obtained by , 


alloy-steel electrode, but if the heat treatment i, 
to develop very high tensile strength in the 
metal, it is probable that failure will revert back to the 


ising an 
such as 
Parent 


junction between weld and parent metal. For the highe 
carbon group of aircraft steels, and especially 
steels with appreciable quantities of other alloying ele. 
ments, the benefits of alloy-steel filler metal have some. 
times been found to be limited by a ‘‘weakest-lin,” 
condition at the fusion line, and the full strength os 
neither parent metal nor weld metal is realized. This 
behavior may be associated with the weldability char. 
acteristics of the steels. 

Another illustration of the tension-test data is given 
in Fig. 8, where the average strength of the welded speci. 
mens is compared with the average strength of similarly 
heat-treated but unwelded specimens. The data show 
that for the welding conditions used, welded joints in 
the NE 8625, NE 8630 and S.A.E. 4130 steels most 
nearly approached the strength of the parent plate 
(strength ratio = 1.0). In the as-welded condition, 
joints in the NE 8640 and NE 8645 steels were only 
about three-quarters as strong as the parent plate; heat 
treatment increased this ratio to about nine-tenths. It 
has been suggested that the sharp decrease in the 
strength ratio for the NE 8640 and NE 8645 steels (as- 
welded condition) might be an indication of microscopic 
cracks or fissures in the heat-affected zone which lowered 
the strength of the welded specimens. This effect is 
quite possible, but was not confirmed by microscopic in- 
spection of the weld joint sections and, at least for the 
group of steels tested, the decrease in strength was prob- 
ably not caused by cracks, because the effect of heat 
treatment was to raise the strength ratio. If cracks had 
been present in sufficient degree, it is probable that the 
strength would not have been appreciably increased 
even by heat treatment of the joints. 


Incidence of Cracking in Butt-Welded Plates and Sheets 


A useful weldability indication was obtained from a 
study of the incidence of cracking in the butt-welded 
joints for the transverse and longitudinal tension tests. 
For example, in a weldability investigation of NE 8620, 
NE 8625, NE 8630, NE 8635, NE 8640, NE 8645 steels 
and a control S.A.E. 4130 steel, 65 butt-welded plates 
were made in all. No cracks were found in plates made 
with steels with 0.30% carbon or less. Four out of 12 
plates made with NE 8635 steel cracked. Four out of 
12 plates made with NE 8640 steel cracked. Six out of 
14 plates made with NE 8645 steel cracked. The 
cracking tendency was reduced by preheating the plates 
to 200° F., but cracking was still encountered at 350° F. 
if the double-vee butt joint was used. An analysis of this 
kind is very helpful, when added to the results of other 
tests, in a classification of a group of steels for weld- 
ability. It is similar, though based cn a far smaller 
number of samples, to the analysis or census of cracking 
that wonld be made in a production operation. 


Tension Test of Butt-Welded Tubing 


The tension test of butt-welded tubing has been in- 
cluded in every weldability investigation of aircraft steels 
for which tubing was available. The majority of tests 
has been made on l-in. O.D. tubing, in the 0.049-in. 
wall thickness for gas welding and the 0.065-in. wall 
thickness for metal-arc welding. The test specimen 
consists of two pieces of tubing, 6 to 8 diameters long, 
which are axially aligned in a jig to form a square closed 
butt joint. After tack welding, the specimen is removed 
from the jig and welded in the horizontal rolled position 
with a carbon-steel electrode or gas-welding wire. o 
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Fig. 9—Tension Impact Test 


preheat is used, and the weld is made in a single continu- 
ous pass. For thin-walled tubes, up to 0.065 in., a 
single layer weld has been used; for thicker-walled 
tubes, the weld is deposited in two layers, with high 
current and deep penetration for the first layer. 

The specimens are tested in axial tension with the 
weld reinforcement not removed, so as to induce fracture 
in the heat-affected zone or unaffected tube. 

The analysis of the test data is similar to that used for 
tension tests of butt-welded flat stock. A comparison 
is made of welded and unwelded samples in the as- 
welded, normalized, and quenched-and-drawn conditions, 
and of the types and location of the fractures. No hard- 
ness readings have been made on sections of tube-tension 
specimens, since such information has been obtained from 
sections of the tube triangle specimen, described later. 

Prior to the tension test, the welded specimens are 
pressure tested for leaks and cracks, and magnetic in- 
spection is also often used. The occurrence of cracking 
in butt-welded tube tension specimens has been very 
rare, no doubt owing to the very favorable welding con- 
ditions, thinness of section and lack of restraint during 
welding. 

This test does not produce any evidence of the cracking 
tendency of the average aircraft structural steel, but is 
considered essential in a weldability survey since it repre- 
sents a type of joint used in airframe design, and 
since the strength data obtained are helpful in estab- 
lishing the general merit of the test steel. It is desirable 
to include as many weld tests on tubing as practicable, 
because tubing is processed differently in manufacture 
than plate or sheet, and may have quite different welding 
characteristics. 


Transverse Butt-Weld Tension Impact Test 


The tension impact test of butt-welded plates was also 
investigated as a means of determining the relative 
weldability of aircraft structural steels. It had been 
suggested that tension impact loading might demonstrate 
that the hardened parent-metal zone adjacent to welds 
behaves differently under impact than at slow loading 
rates and, therefore, might bring out differences in the 
heat effects in the test steels. Thus far tests have been 
made only on two steels, and since these have turned out 
to have very similar weldability characteristics, the in- 
formation as regards usefulness of the test is negative. 

The weld specimen was patterned after a standard 
used at Watertown Arsenal, where the specimens were 
also tested. Three specimens from each steel were made 
for each condition of welding. Figure 9 shows test re- 
sults for oxyacetylene-welded, plain carbon-steel arc- 
welded and alloy-steel arc-welded specimens made from 
NE 8630 and S.A.E. 4130 steel. All specimens were 
tested in the as-welded condition. The data indicate 
that (1) there was no significant difference in the tension 
impact strength of similarly we elded NE 8630 and S.A.E. 
4130 steels; (2) the impact strength of the oxyacetylene- 
welded specimens was appreciably less than that of metal- 
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arc-welded specimens, with all failures occurring in the 
weld metal; and (3) the impact strength of carbon- 


.steel arc-welded specimens was less than that of alloy- 


steel arc-welded specimens, failures being in the weld 
metal and parent plate, respectively. The test brought 
out no difference in the steels which might be taken as a 
clue to their weldability, but since the two steels have 
been demonstrated by other tests to have approximately 
the same weldability, it cannot be positively stated that 
the impact test is insensitive to weldability differences. 
In general, the results of tension-impact tests have 
paralleled those obtained from static tension tests and, 
because of the relative scarcity of suitable testing equip- 
ment, the tension-impact test has not been widely used. 


Double Tube Triangle Test 


It was considered desirable to include, in the program 
of weldability tests for aircraft structural steels, a welded 
specimen which would simulate some of the joints found 
in tubular airframes, and which would also introduce 
the factor of restraint at the joint during welding. The 
double tube triangle test, proposed by Mr. M. J. Fleisch- 
man of the Timken Roller Bearing Company, and for 
which welding sequences were developed by Mr. Louis 
Barrett of the Glenn L. Martin Company, has been found 
very useful for this purpose. 

Figure 10 shows the double tube triangle specimen 
and the order of welding of the joints and gusset plates. 
Detailed welding sequences are such as to produce the 
greatest possible residual stresses in the weldment, 
and at the same time the welding technique is not dif- 
ferent from the average shop procedure. The tubes are 
fitted and tack welded in a jig. The assembled triangle is 
then removed for welding, which is done from both sides, 
with the triangle always in the flat (horizontal plane) 
position. This requires that welding in the inside and 
outside corners of the joints be done in the vertical-up 
or vertical-down position. 

In a recent weldability investigation of some aircraft 
structural steels, three sets of triangles were made for 
each steel, as follows: (1) metal-arc-welded, at an initial 
and interpass temperature of 80° F.; (2) metal-arc- 
welded, at an initial and interpass temperature of 
—40° F.; and (3) oxyacetylene-welded, starting at 80° 
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F. and welding without pause. At least two duplicate 
triangles were made for each condition, in order to ob- 
tain more reliable results. The interpass temperature 
was obtained by cooling the specimen in air at room 
temperature (80° F. series) or in refrigerated air (—40° 
F. series). The cooling procedure for the arc-welded tri- 
angles was considerably more drastic than is ordinarily 
found in production welding, but it was desired to set 
up an extreme condition that would bring out differences 
in the cracking tendency of steels which, under ordinary 
conditions, would appear to be equally weldable. 

The welded triangles were grit-blasted, pressure-tested 
for leaks, and magnetically inspected for cracks in the 
tubing and the gusset plates. The number, extent and 
location of cracks were recorded, and formed the basis for 
evaluation of the weldability of the test steels. No 
cracks were found in the oxyacetylene-welded triangles. 
Several cracks were found in each of the 80° F. metal- 
arc-welded triangles for one steel, while all the other 
triangles welded at 80° F. were sound. None of the 
steels tested was entirely free of cracking when welded 
at —40° F. As stated above, this is an artificial condi- 
tion which would rarely be encountered, except perhaps 
in repair work, but the indications are very useful in 
rating the steels. The —40° F. tests show a difference 
in the cracking tendency of the steels, while the 80° F. 
arc-weld and oxyacetylene-weld tests show no difference 
except for one steel. The interpretation of these data 
is that all the steels, with one exception, should be safely 
weldable in the tubular form, under normal conditions 
of welding and joint restraint approximating the 80° F. 
test conditions. For thicker sections, with welding 
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conditions giving higher cooling rates, and with joint 
that set up more complex shrinkage-stress systems the 
weldability properties of the steels may change, ang m 
is necessary to use other tests to help determine their 
weldability levels. 


Circular Weld-Bead Test 


The idea of the circular weld-bead test for the crack 
sensitivity of steels came from a study for the Nationa] 
Advisory Committee for Aeronautics of factors affecting 
the integrity of welded aircraft joints. This wor; 
showed that it was possible to distinguish between two 
lots of steel by the use of a simple bead deposit, followed 
by observations of the cracking tendencies during the 
following 24-hr. period. The test was then further de. 
veloped during the course of an investigation on the im. 
provement of alloy steels for welding. The present de. 
scription of the test will not be detailed, because that 
work is still in progress, but some of the results will be 
given here to show how they correlate with the test re. 
sults previously recorded. 

As used for a simple weldability study of a group of 
aircraft structural steels, the test is as shown in Fig. ||, 
The test plate, '/s x 2 x 2 in., has its edges sandwiched be- 
tween two copper cooling plates, each with openings as 
shown, and a circular weld bead is deposited on the test 
plate with a small-diameter electrode at a high welding 
speed. Immediately after welding, the center of the 
test plate is rapidly cooled with water. These test con- 
ditions are obviously very drastic, but they are necessary 
in order that cracking may be induced in steels of good 
weldability, as well as in crack-sensitive steels. The 
statistical method used to determine the crack-sensitivity 
index requires that a positive indication of cracking be 
obtained for all steels. After the rapid cooling, the 
specimen is held at room temperature for 24 hr., then 
stress-relieved, and the welded surface ground and 
polished smooth. A magnetic inspection is made on the 
welded surface, which brings out the fine cracks in the 
heat-affected parent plate on both the inner and outer 
edges of the circular weld deposit. The angular length 
of the cracks is measured and this figure, which can be a 
maximum of 720°, is converted into the crack-sensitivity 
index for the test steel. 

At least six duplicate specimens are made for each steel 
tested. In addition, it is necessary to make a simul- 
taneous control test on a standard steel, the general 
welding behavior of which is already known, and to 
which a crack-sensitivity rating has been arbitrarily 
assigned. All test steels are referred to the standard steel 
for comparison. 
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Fig. 13—Comparison of Chemical Composition, Crack Sensi- 
tivity, Circular Bead Hardness and Jominy Hardenability of 
Two S.A.E. 4130 Steels 


Figure 12 shows the crack-sensitivity rating obtained 
from the circular weld-bead test for a group of NE 8600 
steels* and a group of commercial S.A.E. 4130 steels. 
The S.A.E. 4130 steel, Mark B, is the standard or con- 
trol steel, which has been used in various kinds of welding 
tests for almost two years. After comparison with 
numerous other steels, steel B was classed as having the 
lowest desirable level of weldability, and its crack- 
sensitivity index was set at 1.0. The figure shows the 
increase in crack sensitivity for the NE 8600 steels with 
increasing carbon content. Up to NE 8640, the crack- 
sensitivity is within the range for satisfactory weld- 
ability; the NE 8645 steel is in the borderline zone be- 
tween good and conditional weldability. The term 
“conditional weldability’’ has been used rather than 
“poor” or ‘‘unsatisfactory weldability,”’ because it is 
possible to improve the weldability of the steels by 
changing the welding conditions. It is also recognized 
that the crack-sensitivity index is not the only essential 
criterion of good weldability. For example, the NE 
8635 and 8640 steels tested had favorable crack-sensi- 
tivity indices, but under most welding conditions they 
were markedly weld-hardening (see Figs. 1 and 2), and 
their ductility behavior and fracture characteristics, in 
welded joints, were relatively unfavorable (see Figs. 5 
and 8). 


* Of these steels, the NE 8625 and NE 8630 are commercial steels, and the 
others were made in the laboratory. 
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The variation that can be expected in the crack-sensi- 
tivity and, by inference, general weldability, of a single 
type of steel is indicated in Fig. 12 for the three S.A.E. 
4130 steels, B, B and C. All three steels have chemical 
compositions and mechanical properties conforming to 
the specification requirements for aircraft structural 
steels, but their crack-sensitivity varies widely. Steel 
A is very crack-sensitive and requires careful control of 
welding conditions for satisfactory fabrication. On the 
production line, this steel would be the cause of frequent 
rejections of cracked weldments. Steel B is not crack- 
sensitive from the viewpoint of the production welder; 
that is, it would probably give no trouble except under 
unfavorable welding conditions. The steel does crack, 
however, and is not considered completely foolproof for 
welding. Steel C does not crack even under the drastic 
conditions of the circular-bead test and, as far as this 
weldability factor is concerned, is a satisfactory welding 
steel (this steel was received as '/,-in. plate, and, for use 
in the circular-bead test, was rolled to '/s-in. thickness, 
then normalized and drawn at 850° F). 

The properties of steels A and B are further considered 
in Fig. 13, which compares their chemical composition, 
crack-sensitivity, weld-hardening tendency and end- 
quench hardenability. The chemical composition of the 
two steels is practically identical; the carbon equivalent, 
in several forms used in weldability studies, is essentially 
the same; but the circular-bead test indicates that steel 
A is the more crack-sensitive of the two. Hardness 
measurements in the heat-affected zones of the circular- 
bead specimens also show that steel A develops a higher 
maximum hardness than steel B. The end-quench test, 
however, gives no indication of the difference in the 
crack-sensitivity or weld-hardenability of the steels. 

The effect of various heat treatments on the crack- 
sensitivity of the two S.A.E. 4130 steels, A and B, is 
shown in Fig. 14. In the as-received condition, steel 
A was considerably more crack-sensitive than steel B. 
This difference was not improved by a normalizing 
treatment before welding, but the crack-sensitivity of 
both steels was slightly reduced. In the spheroidized 
condition, both steels were markedly improved, A being 
brought to the same weldability level as B. A combi- 
nation spheroidizing-normalizing treatment did not have 
a significant effect on the weldability level (in compari- 
son with the spheroidizing treatment), but the mechanical 
properties of the spheroidized-normalized steels were im- 
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proved. Homogenizing treatments did not work useful 
changes in the crack-sensitivity of either steel, in com- 
parison with the as-received condition, but it is signifi- 
cant that homogenization leveled off the welding reac- 
tion of both steels. 

The data in Figs. 13 and 14 illustrate the profound 
effects that the processing, prior heat treatment and 
metallographic structure may have on the weldability 
of a steel, independent of its chemical composition. 


Summary 


The weldability tests described may be classed in four 
general groups: 


1. Tests for hardness of the heat-affected parent 
metal. 
2. Tests for ductility of the heat-affected parent 
metal. 
Tests for strength of the welded joints. 
Tests for hard cracking in the heat-affected parent 
metal. 


There are other tests, such as the fusibility test for boiling 
and sparking, and tests of the filler or weld metal, which 
might properly be included in a complete list of weld- 
ability tests, but they have not been considered here 
because they have only limited applicability in a study 
of aircraft structural steels, which in recent times have 
chiefly presented problems of metal-arc weldability. 

Five of the tests discussed have been chosen by the 
Subcommittee on Weldability Standards for Alternate 
Aircraft Steels as recommended weldability standards. 
These are the tee-bend test, transverse-tension tests of 
butt-welded 1/,-in. plate and '/s-in. sheet, tension test of 
butt-welded tubing and the double tube triangle test. 
It is understood that a detailed report on the recom- 
mended standards is being prepared for publication. 

Several types of hardness surveys have been discussed, 
and it has been suggested that they give an incomplete, 
indeed erroneous, story on weldability, particularly if 
correlation with cracking tendency is attempted. A 
knowledge of the hardness developed adjacent to welds is, 
of course, essential, but should not be used in the weldabil- 
ity rating of steels except in conjunction with other 
weldability factors, or for specific applications. 

Tests for ductility of the heat-affected metal have been 
described, of which only one, the tee-bend test, has af- 
forded a usable weldability index. Whether the tee- 
bend test actually gives an indication of the ductility of 
the heat-affected zone is still questionable. A true duc- 
tility test would be of great value and is required for a 
clearer understanding of the heat effects in welded alloy 
steels. Most of the tests now used are ineffective be- 
cause the weld metal itself usually initiates failure, or 
because the geometry of the test specimen introduces 
mechanical factors which vitiate a possible analysis 
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of the ductility of the heat-affected zone. A suitable test 
may involve complete elimination of the wel metal 
from the final test specimen; or the heat-affected cong; 
tion may be obtained without the use of welding, pro 
vided that the heat effects are developed by a heating 
cooling cycle identical in time, and as far as practicabje 
in temperature, with that which obtains in an arc-weldiy, 
cycle. : 


Strength tests of welded joints are obviously ay jm. 
portant part of a weldability survey and are usually mage 
by static tension tests of welded butt joints in flat stocy, 
or tubing. The welding of specimens for the tensioy 


test also provides a good opportunity to check the crack 
ing tendency of the steel. Tension impact tests of welded 
joints have also been described, but the data do not cover 
a sufficient variety of steels for an adequate appraisal, 

Probably the most potent indication of weldability, jy 
a group of different tests, is the occurrence of cracking 
in the heat-affected metal. Hard cracking rather thay 
hot cracking has been emphasized. It is simple to rate 
the weldability of a steel on the basis of a crack-or-no- 
crack test, but because of the many factors which con- 
tribute to hard cracking, it is necessary to weigh the test 
results carefully, with due regard for the welding condi. 
tions used. No doubt a real relationship exists between 
the hardness, ductility and cracking tendency of the 
heat-affected metal adjacent to a weld, but none of the 
tests described has given a reliable indication of this 
relationship. The circular weld-bead test, however, 
promises to be a useful method for evaluating the crack- 
sensitivity factor in relation to the chemistry, history 
and structure of a steel. The double tube triangle is 
also a good method for testing the cracking tendency of a 
steel. Its advantages are that it is the only reliable test 
thus far investigated in which steel tubing is used, and 
that in joint design and restraint during welding it, of al! 
the test specimens, most closely resembles a welded 
tubular airframe. 

Justifiable criticism has occasionally been directed at 
the procedures and specimens now used for weldability 
tests, the gist thereof being that a complicated and 
lengthy series of such tests is required to develop any 
degree of certainty regarding the results and indications. 
The tests are in fact miniatures of actual production- 
welding procedures, and conclusions regarding various 
aspects of weldability are drawn roundabout, rather than 
from a direct analysis of the fundamental mechanisms 
which cause failure during welding, or predispose the 
weldment to failure in service. Current research on 
hard-cracking and weld-hardenability phenomena is 
directed toward a study of these basic factors. For 
the present, the shortest and most practical route is 
to make a group of diverse tests based on actual welding 
practice. It is quite possible that even after the weld- 
ability problem becomes more clearly understood, no 
single or universal weldability test will be forthcoming 
because of the complex nature of the weidability of steels. 
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A Study of the Application of Refrigera- 
tion to the Cooling of Spot-Welding 
Electrodes 


By W. F. Hess, R. A. Wyant, O. E. Stabler and F. J. Winsor' 


Summary 


HIS investigation consisted of a study of the 

effects of coolant temperature and circulation on 

the temperature of electrode tip faces, and elec- 
trode pick-up. The work was carried out at the welding 
laboratory of the Rensselaer Polytechnic Institute under 
the sponsorship of Frostrode Products. The results of 
the investigation show that refrigeration can be effective 
in retarding tip pick-up and prolonging tip life under 
good welding conditions. It is emphasized, however, 
that the beneficial effects of refrigeration can easily be 
obscured by the harmful effects of poor shop practice. A 
limited comparison was made between a standard type 
electrode tip and the Frostpoint which is a product of 
Frostrode Products. The results show that the Frost- 
point is superior to the standard tip with respect to 
efficiency of heat transfer from the tip face to the coolant. 
Important phenomena associated with the use of re- 
frigeration and tip pick-up were observed and are de- 
scribed in the report which follows. 


Introduction 


Since refrigeration was first applied to the cooling of 
electrodes in spot welding aluminum alloys, there has 
been a great deal of controversy regarding the merits of 
refrigeration in prolonging tip life. The primary ob- 
jective of this investigation was to determine the rela- 
tionship between coolant temperature and tip perform- 
ance under laboratory conditions. Contributary ob- 
jectives were the determination of the effect of coolant 
temperature, circulation and tip design on the tempera- 
ture of the electrode tip face. Previous research in this 
field had been conducted by Dr. Hensel and his associ- 
ates of the P. R. Mallory Company at Indianapolis, 
Ind.} 2 

Their work was of high quality and represents an im- 
portant contribution to the understanding of electrode 
phenomena. Nevertheless it was limited in scope and 
raised fully as many questions as it answered. That is a 
characteristic of nearly all research and it should be 
clearly understood that the present investigation is no 
exception to the rule. Dr. Hensel and his associates con- 
fined their investigation to the standard electrode tip, 
wire brushed stock, a.-c. welding, and to the measure- 
ment of temperature at a point in the tip a short dis- 
tance behind its face. It was felt that the effects of re- 
frigeration in Dr. Hensel’s experiments might have been 
obscured by the inefficiency of the standard tip with re- 


_ * This investigation was sponsored by Frostrode Products, 19003 John R 
St., Detroit, Mich. 
Tt Welding Laboratory, Rensselaer Polytechnic Institute, Troy, N. Y. 


spect to transfer of heat from the tip face to the coolant. 

The complete benefit from refrigeration can only be 
achieved if all of the fundamental variables in the tip- 
cooling problem are held at their optimum values. The 
fundamental variables are listed below: 


Fundamental Variables: 


Total heat input per weld. 

Rate of welding. 

Temperature of coolant. 

Rate of flow of coolant. 

Electrode tip design, with particular reference to: 

(a) Length of path through tip from face to 
coolant, or depth of water hole. 

(b) Area in contact with coolant at short dis- 
tance from tip, such as would be created 
by internal fins to {mprove heat transfer. 

(c) Shape of internal tip surface, in the direc- 
tion of streamlining to eliminate turbu- 
lence and secure maximum heat transfer. 

(d) Mass of metal close to tip contact surface 
for maximum heat extraction laterally, 
such as is provided by continuing the 
full external tip diameter to the contact 
end. 


The importance of keeping all of the above factors at 
their best values can readily be understood when it is 
realized that the effect of the coolant temperature is 
only to reduce the face temperature by approximately 
the same number of degrees by which the refrigerant is 
cooler than the standard cooling water which may previ- 
ously have been used. If most of the factors other than 
coolant temperature are at unfavorable values, the tip 
temperatures will be unusually high. The reduction in 
electrode tip face temperature which can then be brought 
about by means of refrigerated coolant, will be only a 
small percentage of the total tip face temperature. Thus, 
only a small amount of improvement in tip life may be 
expected. On the other hand, if all of the other factors 
are carefully chosen, the reduction in tip face temperature 
produced by refrigerating the coolant, will be a much 
larger percentage of the total tip face temperature and 
a considerably greater improvement may be expected. 

A brief discussion of the above fundamental variables 
will serve to emphasize their importance. The total heat 
input is important in that with certain welding processes 
this quantity is much higher than with other spot weld- 
ing processes used with aluminum. For example, the 
total heat input when using condenser discharge spot- 
welding equipment will vary somewhat from the heat 
input supplied by magnetic energy storage equipment 
with preheating and by alternating current welding with 
the time cycles usually employed in this case. As the 
rate of welding increases there will be an increase in the 
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average tip face temperature unless the cooling system is 
unusually efficient in other respects. The temperature of 
the coolant will of course affect the electrode tip face 
temperature by virtue of the temperature gradient es- 
tablished between tip face and coolant. The rate of 
flow of coolant will affect the tip face temperature 
particularly where the rate of welding is high. The 
various factors mentioned under the variable of electrode 
tip design are those which determine the efficiency of the 
electrode tip from the standpoint of heat transfer. 

In order to evaluate the effects of the fundamental 
variables, the following criteria were selected: 


Evaluation Criteria: 


1. Number of spots between cleaning. 
2. Electrode face temperature. 
3. Shear strength and diameter of spots. 


It is recognized that the ultimate information desired 
by process engineers is data in terms of number of spots 
between cleanings. However, these data require a long 
time to accumulate and are expensive for material. They 
are also somewhat uncertain in their exactness owing to 
the erratic nature of tip pick-up. In any evaluation of 
the number of spot welds between tip cleaning, careful 
attention must be given to the diameter and shear 
strength of the spot welds produced. This is because 
small spots tend to keep face temperatures low and thus 
prolong tip life. On the other hand, small spot welds are 
apt to be less adequate in strength consistency than 
welds of somewhat larger size. Thus a balance has to be 
achieved between strength consistency and tip life. In 
view of the above considerations with respect to the 
number of spots between cleanings, it was decided to 
establish the quantitative relationship between the 
fundamental variables in terms of electrode tip face 
temperature. If a reliable technique for this measure- 
ment could be developed, it would serve to rapidly 
establish the quantitative relationships between the 
fundamental variables. Such a technique was suffi- 
ciently well developed during the course of this investiga- 
tion to permit the determination of quantitative rela- 
tionships. 

In addition to the fundamental variables listed above, 
a complete program involving the study of the various 
factors influencing tip life would include a study of 
different thicknesses of material, types of electrode ma- 
terial, electrode tip shape and specially treated elec- 
trodes. 


In order to keep the present investigation within 
reasonable limitations, a number of the variables had to 
be fixed. These included the type of welding machine 
and rate of welding. Most of the present investigation 
was devoted to the Frostpoint, an electrode tip which 
is intended by design to be more efficient than the stand- 
ard tip in the above respect. Dr. Hensel’s experiments 
were complicated by the fact that wire-brushed stock 
has a pronounced tendency to stick to the tips long before 
pick-up becomes serious. In the present investigation 
the stock was prepared for welding by chemical treat- 
ment. Asaresult there was no tendency toward sticking 
before the tips actually began to fail due to excessive 
pick-up, which was sometimes after 2000 or more welds 
had been made. In the present investigation a welder 
of the condenser-discharge type was employed since 
energy storage equipment is now used more extensively 
in production than a.-c. equipment. Dr. Hensel’s work 
showed that there is a steep thermal gradient in the elec- 
trode metal between the tip face and the coolant.! Since 
it is the temperature of the tip face that is important in 
studying tip pick-up, it appeared highly desirable to 
measure this temperature rather than that at any other 


WELDING RESEARCH SUPPLEMENT 


point in the tip. A method of measuring this mpera- 
ture was developed and employed in the present invest). 
gation. 

The present work was limited to the welding ¢ 
0.040-in. Alclad 24ST material, using two types of eles. 
trode tip, the Frostpoint and a standard tip. Tw types 
of experiment were conducted. One was designed t, 
determine how tip face temperature is affected by cog). 
ant temperature and circulation. The other was ce. 
signed to determine the effects of coolant temperature 
on tip pick-up. The work is by no means complete singe 
the number of experiments was limited by the time ayajj. 
able for the investigation. 

In interpreting any observations or results of experi. 
mental work dealing with electrode pick-up, it should be 
remembered that pick-up is affected by the following 
factors: 


1. Current distribution on the contact area, or local 
current density. 

2. Distribution of electrode force over contact area, 

or local pressure density. 

Relative motion between electrode tips and the 

surface of the work. 

4. Composition and condition of the electrode meta] 
in contact with the work. 

5. Temperature of electrode tip face, which may 
largely be determined by the temperature and 
circulation of the coolant, and the length of heat 
flow path from tip face to coolant. 

6. Surface condition, composition and physical char- 
acteristics of the metal being welded. 

7. Direction of current flow. 


It is evident from this list that tip pick-up is an ex- 
tremely complicated process. Many of the above factors 
are interdependent in their effects on electrode pick-up. 
While refrigeration has only a direct effect on tip face 
temperature, it may have many indirect effects. It is 
safe to say that at the present stage of development of 
resistance welding the least is probably known about the 
most important of the above factors. 


Fig. 1—Weltronic Revers-O-Charge Control Unit, Progressive 
Rocker Arm Welder and Frostrode Refrigeration Unit 
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Description of Equipment 


The welding equipment used in this investigation con- 
sisted of a Progressive rocker arm type of welder and a 
Weltronic Revers-O-Charge control unit. A Frostrode 
refrigeration unit was provided for cooling the electrode 
tips. A photograph of this equipment is shown in Fig. 1. 
The model and serial numbers of this equipment follow: 


Item Model Number Serial Number 
Welder 165ES7 1019 
Control 130A CX128 
Refrigerator R-751 16 


One change had to be made in the welding machine 
before it could be used under the conditions prevailing 
at this laboratory. Two air cylinders are included in the 
design of the welder. The function of one is to counter- 
balance the dead weight of the rocker arm and it was 
connected directly to the air line connection when the 
machine was received. The function of the other is to 
provide the electrode force for welding and it was con- 
nected to the air line through an air-pressure regulator. 
Since the air line pressure varies between 80 and 100 psi. 
at this laboratory, this method of connecting the counter- 
balancing cylinder to the air line introduced a serious 
variation in electrode force. Actually, with an air pres- 
sure of 45 psi. on the main cylinder, the electrode force 
varied from 940 to 810 lb., depending on whether the 
line pressure was 80 or 100 psi. Since this variation could 
not be tolerated, a pressure regulator was installed be- 
tween the auxiliary cylinder and the air line. When this 
was adjusted to provide a pressure which was adequate 
to counterbalance the weight of the rocker arm but below 
80 psi., the electrode force became practically indepen- 
dent of variations in line pressure. The calibration of the 
welder with respect to electrode force is shown in Fig. 2. 

The Revers-O-Charge control unit is of considerable 
interest because it is different from the conventional 
types of condenser discharge control equipment. In the 
conventional type of condenser discharge equipment 
provision is made for short circuiting the primary of the 
welding transformer to prevent reversal of charge on the 
condensers following their discharge. In this type of 
control unit the induced voltage of the welding trans- 
former is used to help recharge these condensers with a 
voltage whose polarity is opposite to that of the initial 
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Fig. 2—Calibration Electrode Force 


voltage prior to making the weld” This results in a“flow 
of welding current of shorter duration than if the same 
circuit were operated in the conventional manner. A 
typical oscillographic record of the welding current and 
electrode force used in this investigation is shown in Fig. 
3. It will be noted that the welding current flowed for a 
time of only 2'/: cycles or 42 milliseconds. The short 
duration of current flow is believed to have favorably 
affected the results of the investigation and is discussed 
more fully later in the report. It should be emphasized, 
however, that this wave form cannot be compared with 
wave forms obtained with conventional equipment un- 
less all factors, such as transformer turns ratio, condenser 
capacity, circuit reactance, etc., are taken into account. 

In Fig. 3 several observations can be made from the 


Fig. 3—Oscillographic Record of Electrode Force and Welding Current 
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Fig. 4—Section Showing Method of Restricting Refrigeration to 
Electrode Tips 


oscillographic record of electrode force. First, there is 
evidence of pronounced bouncing of the electrodes as 
they contact the work. Since in other welders tip pick- 
up is aggravated by excessive movement or skidding of 
the electrodes with respect to the work, one would have 
expected this condition to have had an unfavorable 
effect on the results. The other point to be observed is 
the timing of the condenser discharge with respect to the 
electrode force. The sequence circuit of the control unit 
provides for control of the ‘‘squeeze’’ time or the time 
which elapses between the initial application of electrode 
force and the discharge of the condenser. In this investi- 
gation the squeeze time was set at its maximum value 
and it will be noted that the condenser discharge oc- 
curred just as the electrode force reached its maximum 
and constant value. This means that if the squeeze 
time had been shorter, the weld would have been made at 
some unknown and perhaps erratic point on the rising 
electrode force characteristic. In other words, the elec- 
trode force used for welding can be varied either by 
varying the air pressure on the main cylinder or by vary- 
ing the squeeze time, which method is extremely unde- 
sirable. It appears that the design of this equipment 
could be greatly improved by a correction of this condi- 
tion which can conceivably lead to an entirely false pic- 
ture of the effect of varying squeeze time, and to incon- 
sistent performance of the machine. 

The electrode arms of the welder were equipped with 
standard electrode holders (1'/, in. O.D., No. 2 Morse 
Taper). The holders were fitted with adaptors to con- 
fine the circulation of coolant to the tips as shown in 
Fig. 4. No coolant was circulated through the holders 
themselves. Figure 4 shows a pair of Frostpoints in 
position in the adaptors. Each Frostpoint consists of a 
tapered barrel for insertion in the adaptor and a tip or 
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Frosteap which is soldered in place on the end of the 
barrel as shown in Fig. 5. All of the Frostcaps used in 
this investigation were made of hard-drawn copper, , 
fact which may be of considerable significance. Both 
the Frostcaps and the barrels were made with fins pro. 
truding from their inner walls in order to facilitate the 
transfer of heat from the tip to the coolant. Figure ¢ 
shows clearly how the fins were located in the Frostcapg, 
The Frostcaps were soldered in place and removed from 
the barrels by means of a pair of electric heating pliers 
which have been made available commercially by Frost. 
rode Products for this purpose. In the Frost points the 
coolant tube was an integral part of the assembled barre] 
as shown in Fig. 5. The protruding end of the coolant 
tube fitted closely into the adaptor so as to insure that 
all the coolant reached the Frostcap as shown in Fig, 4, 

The coolant was piped separately to both the upper 
and lower electrode tips as shown in Fig. 4. A flow 
meter was installed in each line to measure the flow of 
coolant to each tip. A calibration of the coolant system 
is shown in Fig. 7. Throughout the investigation 
straight undiluted Zerone was used as the coolant. 

When standard electrode tips were investigated they 
were inserted in the same adaptors as were used for the 
Frostpoints. Short lengths of coolant tubes, '/, in. 
O.D., were pushed into the adaptors and allowed to ex- 
tend to */s in. of the end of the bore of the tip. The 
important dimensions of the standard tips were °/s in. 
O.D., */sin. 1.D., and a No. 2 Morse Taper. The distance 
through the metal from tip face to coolant was varied 
during the investigation from 1/, to °/j,in. The standard 
tips were made of a copper alloy meeting the require- 
ments of the R.W.M.A. Classification of Group A 
Class 1. 

The apparatus used for the measurement and recording 
of tip temperatures consists of a Weston Model 721 
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Fig. 6—Photographs of Frostcap Showing Internal Fins to Improve Cooling Efficiency 


Photoelectric Potentiometer and an Esterline-Angus 
Recording Milliammeter. The photoelectric potenti- 
ometer is fundamentally a d.-c. amplifier for actuating a 
10-milliampere instrument or recorder. The gain is such 
that 10 milliamperes output can be had with inputs as low 
as 5 millivolts. The instrument functions as a potenti- 
ometer in that it takes no energy from the input circuit 
since, in a manner similar to a potentiometer recorder, the 
input voltage is balanced. The device combines a sensi- 
tive mirror galvanometer, photo tubes and vacuum 
tubes for output, the output energy being fed back to 
balance the input. The amplified output of the instru- 
ment is linear in terms of the input and a recorder in the 
output circuit may be calibrated in terms of the primary 
quantity which in this investigation was temperature 
applied to a thermocouple. In this instrument balancing 
is continuous and response to change is virtually in- 
stantaneous. The recording milliammeter is a standard 
instrument with a range of from 0 to 10 milliamperes. 
The speed of response of the recording instrument is ap- 
proximately 10 milliamperes per second, which fact is of 
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Fig. 8—Curve Showing Effect of Chemical Surface Treatment 
Prior to Spot Welding on Surface Contact Resistance 


significance in interpreting the temperature records ob- 
tained with this equipment. 


Preparation of Metal for Welding 


The present investigation was limited to the welding of 
Alclad 24ST sheet, 0.040 in. in thickness. The material 
was furnished in the form of °/, x 16'/»-in. strips. Identi- 
fication paint was removed from the strips by rubbing 


20 them with a cloth moistened with acetone. All traces of 
oil and grease were removed from the strips by cleaning 
them in a trichlorethylene vapor degreaser. Following 
the paint removal and degreasing operations the strips 

were prepared for welding by a 6-min. treatment at room 
COOLANT PRESSURE - PS! temperature in a weak acid solution. A surface-treat- 

Fig. 7—Calibration Coolant System ment characteristic of the material is shown in Fig. 8. 
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Fig. 9—Details of Thermocouple Installation for Measuring Temperature of Electrode Tip Face 


Measurement of Electrode Face Temperature 


Other investigators had previously obtained a measure 
of tip temperature by installing thermocouples in the 
body of the tip a short distance from its face. In this 
investigation one objective was to measure the actual 
temperature at the tip face. This required the develop- 
ment of special thermocouple technique. Thermocouple 
wires of Nichrome and Advance were selected because of 
their high thermal emf. A wire diameter of 0.004 in. 
was chosen because it was planned to embed the thermo- 
couple in the tip face and it was desired to use as small a 
wire as practicable. The thermocouple is prepared by 
tightly twisting the ends of the two wires together for a 
short distance. This end of the thermocouple is copper 
plated and dipped in soft solder. The thermocouple is 
then ready for its insulation which is applied by means 
of apparatus which was developed especially for this 
job. A thread of glass fibers is carefully wrapped around 
one of the wires for a distance of about 1'/, in. behind the 
junction point. The other wire is then laid alongside 
the insulated wire and both are wound with the glass 
thread in such a way that the two leads are insulated 
from each other behind the junction point and the 
twisted portion of the wires is insulated for a distance of 
about 1/j. in. in front of the junction point. This detail 
can be observed in Fig. 9 and is very important for 
reasons which will be discussed later. The glass insula- 
tion is next impregnated with a thermal setting material 
which not only contributes to the insulation of the thermo- 
couple but also cements the glass fibers firmly in place. 
This material is thermally set by passing an electric cur- 
rent through the thermocouple wires for a sufficient 
length of time. At this point the thermocouple is 
ready to be used. 

The electrode tip is prepared to receive the thermo- 
couple by cutting a narrow slot which extends from the 
side of the tip to approximately the center of the contact 
area as shown in Fig. 10. The slot is about 0.025 in. in 
width and is cut by means of a jeweler’s 4/0 saw blade. 
The thermocouple is placed in the slot so that the insula- 


tion protects the twisted end up to the point where it 
emerges from the slot. The exposed end of the thermo- 
couple is allowed to extend across the contact area. This 
portion of the thermocouple is embedded in the tip 
face by bringing the electrodes together with a strong 
force on a piece of hard steel sheet. No welding current 
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Fig. 10—Installation of Thermocouple for Measuring Tempera- 
ture of Electrode Tip Face 
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Fig. 11—Circuit for men Temperature of Electrode Tip 
ace 


is permitted to flow while this is being done. This com- 
pletes the installation of the thermocouple. 

The thermocouple circuit is completed by running the 
Advance wire to a cold junction with Nichrome wire 
which is held at 32° F. in a Thermos bottle as shown in 
Fig. 11. This leaves two Nichrome-copper junctions 
located in the circuit so that their thermal emf.s cancel 
each other. The thermocouple circuit is connected to 
the input terminals of the Weston Photoelectric Potenti- 
ometer whose output is connected to the Esterline- 
Angus Recording Milliammeter, as shown in Fig. 11. 
A calibration of this circuit is shown in Fig. 12. 

Several precautions are necessary in insulating and 
installing the thermocouple in the groove in the electrode 
tip. The thermocouple lead wires must be electrically 
insulated from the electrode tip and the work right up to 
their actual junction point. If this requirement is not 
met, an IR voltage drop due to passage of the welding 
current will be introduced into the thermocouple circuit. 
This voltage drop is superimposed on the thermal emf. 
developed at the junction point, thus resulting in an 
erroneous indication of temperature. The polarity of 
this IR drop depends on the direction of current flow 
through the secondary circuit and its magnitude is fre- 
quently great enough to obscure the thermal emf. No 
great precautions are necessary to avoid interference due 
to electromagnetic coupling between the thermocouple 
circuit and the secondary circuit of the welding machine. 
It is desirable, however, to keep the leads in the vicinity 
of the electrode in the same plane and at right angles to 
the electrode axis. The primary function of the twisted 
end of the thermocouple which is embedded in the tip 
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Fig. 12—Thermocouple Calibration 


face is to conduct heat to the actual junction point’which 
has to be insulated from the tips for reasons discussed 
above. While this undoubtedly introduces some thermal 
lag between the tip face and the thermocouple junction 
point, it is not believed to be as serious as if the thermo- 
couple were instailed in and perhaps insulated from the 
copper some distance from the actual tip face. 

Some typical temperature records obtained by this 
method are shown in Figs. 13 and 14. It should be 
noted that in these records time is recorded from right to 
left. At the beginning, or at the extreme right-hand end 
of each recording, the temperature records of two indi- 
vidual welds can be observed. These were the tack 
welds, one at each end of the strips of stock being welded. 
After the tack welds were made, welding proceeded 
continuously until the strip of welds was completed. 
The temperature records of the continuous welding can 
be observed from the center to the left-hand end of the 
records shown in the above figures. Due to the speed of 
response of the recording instrument, it is possible that 
the true maximum and minimum temperatures were not 
recorded. It is believed, however, that the records 
represent with reasonable accuracy the average tempera- 
tures at the tip faces. An idea of the temperature sensi- 
tivity of the circuit may be gained by noting the response 
when an aluminum strip at room temperature was laid 
across the lower tip just before welding. This can be 
observed from the temperature record shown in Fig. 
13 (B), where a rise of one small division is noted before 
the first tack weld and before the start of the continuous 
run. Figures 13 and 14 will be discussed in greater de- 
tail later in the report. 

In future work two improvements might be made in 
the method and apparatus used in measuring and re- 
cording electrode face temperatures. It is believed that 
the installation of the thermocouple in the tip face can 
be improved by drilling a hole (0.02 in. diam.) through the 
tip from its side to a point on its face instead of cutting a 
slot with a saw as in the present technique. The drilling 
of such a small hole presents some difficulties, however, 
and requires a precision drill press suited to fine work of 
this nature. Such equipment was not available when 
needed in this investigation. The other improvement 
would be the provision of a recording instrument of 
faster response to verify or more accurately determine 
the maximum and minimum temperatures reached at 
the tip face. 


General Procedure 


Originally it had been planned to obtain measure- 
ments of tip face temperature during actual tests to de- 
termine how many welds could be made before it became 
necessary to clean the tips. This procedure was tried 
at first and then abandoned for several reasons. It 
took longer to prepare and install the thermocouple in a 
tip than had been anticipated. Frequently the thermo- 
couple insulation failed before the tips showed any signs 
of pick-up. The presence of the narrow slot for the 
thermocouple in the lower tip caused the welds to stick 
to that tip. This was due to the fact that in making 
each weld the soft cladding was forced down into the 
groove, thus keying the weld to the tip. This made 
it difficult to feed the strips through the welder so as to 
obtain a uniform weld spacing of about °/; in. It was 
surprising to find that when aluminum was picked up, it 
did not occur at the slot or in the vicinity of the embedded 
thermocouple. On several occasions pick-up occurred 
on the upper tip before it did on the lower tip bearing 
the thermocouple and slot. As a result of the above 
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experience it was decided to make separate investiga- 
tions of tip temperature and tip life. 

In order to insure that all tests were started under 
identical ce mditions, a uniform method was adopted for 
preparing and conditioning the Frostcaps and standard 
tips. In all tests the faces of the tips were first machined 


to a curvature of 2'/2 in. in radius inalathe. They were 
next installed in the electrode holders, the Frostcaps by 
soldering, and the standard tips by insertation in the 
adaptors. In all tests to determine the effects of coolant 
temperature and circulation on electrode face tempera- 
ture, thermocouples were installed in the lower tip as 
previously described. In these tests welding was com- 
menced immediately after installation of the thermo- 
couple with no further conditioning of the tips. Each 
individual test consisted of making one or more strips 
of welds and simultaneously recording the face tempera- 
ture, for each condition of coolant temperature, circula- 
tion and tip design which was investigated. As many 
individual tests as possible were made on each pair of 
tips before the thermocouple insulation failed. 

In all tests to determine the effect of coolant tempera- 
ture on tip pick-up the thermocouple was omitted and 
the tips were subjected to a brief conditioning process 
before welding was commenced. This process consisted 
of operating the welder for five strokes using the same 
electrode force as used for welding, but with nothing 
between the tips and with no current flowing. Following 
this treatment, five welds were made at a reduced value 
of current before starting the actual test. Each test 
consisted of welding as continuously as possible until 
there was evidence that the Frostpoints had been in use 
too long. Standard shear specimens were welded at 
regular intervals during each test as a check on the size 
of the welds produced. 


Results and Discussion 


Effect of Coolant Temperature on Temperature of Tip Face 


The first experiments were designed to show how the 
tip face temperature is affected by the coolant tempera- 
ture. The results in terms of average temperature are 
shown graphically in Fig. 15. Each pair of electrode 
tips was tested at average coolant temperatures of 0°, 46° 
and 70° F. The distance through the copper from face 
to coolant in the Frostpoints was '/,in. The three sets 
of standard tips differed in this respect, the distance from 
face to coolant being '/4, '/2 and °/, in., respectively. 
In all tests the coolant flow was kept constant at 115 
gal. per hour per tip. Figure 15 shows that for any given 


Distance 
Face to Average 
Electrode Coolant Coolant 
Test No. Tip In. Temp., °F. 

1 Frostpoint 0 
2 Frostpoint 1/4 40 
3 Frostpoint 1/, 70 
4 Standard 1/4 0 
5 Standard 40 
6 Standard If, 70 
Standard 0 
8 Standard 1/, 40 
9 Standard 70 
10 Standard 9/16 0 
11 Standard 9/16 0 
12 Standard 9/16 40 
13 Standard 5/16 40 
14 Standard 9/6 70 


Table 1—Effect of Coolant Temperature on Temperature of Tip Face 
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Fig. 15—Curves Showing Comparative Effects of Coolant 
Temperature and Electrode Tip Design Upon the Average 
Temperature of the Electrode Face During Welding 


average coolant temperature the average temperatures 
at the Frostpoint face were lower than at the face of the 
standard tip. This indicates that higher thermal effi- 
ciencies are obtained with Frostpoints than with stand- 
ard tips. Figure 15 also shows that in standard tips the 
distance from face to coolant is of considerable impor- 
tance in determining the average temperature at the tip 
face. A reduction of this dimension from '*/, in. to 
'/, in. is equivalent to a reduction of approximately 
20° F. in coolant temperature. It is interesting to note 
that each temperature characteristic is approximately a 
straight line. The minimum and maximum temperatures 
measured in these experiments are recorded in Table 1. 

An examination of the temperature records in Figs. 13 
and 14 reveals some interesting information on the speed 
with which the electrode face temperature reaches its 
final level after welding starts. When the Frostpoint is 
used with an ample supply of coolant at 0 or 40° F., the 
temperature of the tip face reaches its final level on the 
first or second weld as shown in Fig. 13 (B) and (C). 
This does not occur until after five or six welds when the 
coolant flow is reduced to 25 gal. per hour per tip as 


Coolant 

Volume 

per Tip, -————— Face Temperature, ° F. ——— 

Gal./Hr. Min. Max. Av. 
115 41.4 63.25 52.3 
115 74.4 100.7 87.6 
115 103 122.9 112.9 
115 55.8 81.7 68.8 
115 90.8 117.5 104.2 
115 119.5 147.5 133.5 
115 78.7 88.3 83.5 
115 115.3 128.6 121.9 
115 141.3 156.6 148.9 
115 75.3 91.8 83.6 
115 74.4 101 87.7 
115 111.7 144.5 128.1 
115 116.3 136.8 126.5 
115 139.9 170 14.9 
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Table 2—Partial Summary of Tip Temperatures Reported by Dr. F. R. Hensel and Associates xz 


Distance Coolant 
Face to Average Volume 
Electrode Coolant, Coolant per Tip, ———Tip Temperature, ° F 

Test No. Tip In. Temp., ° F. Gal./Hr. Min. Max. Ay 
A43 Standard 3/5 66 102 221 282 259 
A54 Standard 64 248 302 O76 
A42 Standard 3/, —4 111 183 252 217 
A56 Standard —8 212 276 243 


Notes: Welding rate, 50 per minute. Type of welder, a.c. Weld time, 8 cycles. Thermocouple located 0.056 in. behind tip face 


shown in Fig. 13 (A). When standard tips are used the 
tip face temperature rises more slowly as shown by the 
records in Figs. 14 (B) and (D). Records A and C show 
the effect of distance from face to coolant in this respect. 
When this dimension was '/, in. the face temperature 
leveled off after about 10 welds in contrast to 20 welds 
when the same dimension was °/;,in. The above is evi- 
dence that an increase in efficiency can be gained either 
by using the Frostpoint or by reducing the amount of 
metal between the tip face and coolant in the standard 
tip. 

It should be observed that all of the temperatures 
measured in this investigation are well below those re- 
ported by Dr. Hensel and his associates in previous 
papers. For the convenience of the reader, a partial 
summary of the temperatures reported by the above 
investigators is presented in Table 2. There are prob- 
ably several reasons for this discrepancy. In the present 
investigation welds were made at a rate of 40 per minute 
in contrast to 50 per minute in Dr. Hensel’s experiments. 
The difference in current wave form is believed to be of 
much greater significance. In the present investigation 
the welding current flowed for only 2'/2, cycles as can be 
seen in the oscillogram in Fig. 3. In Dr. Hensel’s work 
the welding was done on an a.-c. type of welder using a 
weld time of 8 cycles. This indicates that current wave 
form may be of great importance in determining tip face 
temperature. This point should be confirmed by further 
research using a standard technique of temperature 
measurement under comparable conditions on welding 
machines employing the following types of wave form: 


(a) Alternating current. 

(6) Standard condenser discharge. 

(c) Modified condenser discharge as employed in this 
investigation. 

(d) Electromagnetic energy storage. 


Effect of Coolant Circulation on Temperature of Tip Face 


While the previous experiments were conducted with 4 
coolant circulation of about 115 gal. per hour per tip, 
a number of tests were made to determine the effect of 
reducing the coolant circulation on the tip face tempera- 
ture. The results are shown in Fig. 16 for an average 
coolant temperature of 40° F. The superiority of the 
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Fig. 16—Curves Showing the Comparative Effects of Coolant 
Circulation and Electrode Tip Design Upon the Average 
Temperature of the Electrode Face During Welding 


Table 3—Effect of Coolant Circulation on Temperature of Tip Face 


Distance Coolant 
Face to Average Volume 
Electrode Coolant, Coolant per Tip, -————Face Temperature, ° F.——-—. 
Test No. Tip In. Temp., ° F. Gal./Hr. Min. Max. Av. 

15 Frostpoint 1/, 40 25 85 104.5 94.7 
16 Frostpoint V/, 40 25 91.6 111 101.3 
17 Frostpoint 1/4 40 25 93.8 117.4 105.6 
18 Frostpoint 1/, 40 69 67.9 87.3 77.6 
19 Frostpoint 1/4 40 69 87 109 98 
20 Frostpoint 1/4 40 115 63.6 85.2 74.4 
21 Frostpoint V4 40 115 78.7 113 95.9 
22 Frostpoint /, 70 25 117.3 141 129 
23 Frostpoint U/, 70 69 93.6 119.5 106.5 
24 Frostpoint 1/4 70 115 91.4 117.3 104.3 
25 Standard 1/, 40 25 132.5 156 144.3 
26 Standard 1/, 40 69 100.2 123.7 111.9 
27 Standard wk 40 115 90.7 117.3 104 
28 Standard 9/16 40 25 153 177.7 165.3 
29 Standard 9/i 40 69 124 147.5 135.8 
30 Standard 9%/i6 40 115 113 139 126 
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Frostpoint over the standard tip is clearly evident. The 
face temperature of the Frostpoint not only runs cooler 
at any given circulation of coolant but it is less affected 
by reduction in coolant circulation. This is another 
indication of greater efficiency of heat transfer in the 
Frostpoint. The factor of safety provided by the Frost- 
point indicates that it would maintain low face tempera- 
tures at greater welding speeds and when welding heavier 
gages of material. Figure 16 also shows the importance 
of keeping the distance from face to coolant at a mini- 
mum in the standard type of tip. A reduction of 5/;¢ in. 
in this dimension makes it possible to reduce the coolant 
circulation from 100 to 35 gal. per hour per tip without 
affecting the face temperature. Figure 17 shows how the 
face temperature of the Frostpoint is affected by coolant 
circulation when the coolant temperature is 70° F. in- 
stead of 40° F. It will be noted that with the coolant 
at 70° F. the face temperature rises more rapidly as the 
coolant circulation is reduced. The minimum and 
maximum temperatures recorded in these tests are shown 
in Table 3. It is evident from these data that a further 
improvement in technique should be made in order to 
increase the precision of duplication of test results. 


Electrode face temperature rises very rapidly when the 
circulation is stopped entirely as shown by the tempera- 
ture records shown in Figs. 13 (D) and 14 (D). In the 
former case the circulation of coolant was stopped during 
a run on a pair of Frostpoints. The temperature in- 
creased from 110 to 185° F. in making only four welds 
and it would have gone higher if the circulation had not 
been restored. It is interesting to observe how quickly 
the face temperature returned to its normal level follow- 
ing the stoppage. In Fig. 14 (D) the coolant flow was 
stopped right at the start of a run on standard tips. In 
this case the face temperature increased from 70° F. at 
the start to 270° F. in making 26 welds and it was still 
going up when the stock ran out. This experience indi- 
cates that coolant circulation of less than 20 gal. per 
hour per tip should be avoided if the electrode face 
temperature is to be kept low. 
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Effect of Coolant Temperature on Tip Performance 


In this part of the investigation experiments were 
conducted to determine the effect of coolant temperature 
on the number of welds which could be made on a pair 
of Frostcaps without any cleaning. In order to insure 
that all tests were started under identical conditions, a 
uniform method of preparing and conditioning the 
Frostcaps was adopted. The faces of the Frostcaps were 
machined to a curvature of 2'/s in. radius in a lathe. 
They were next solderéd in place on the barrels as pre- 
viously described. They were then conditioned by 
operating the machine for five strokes using the same 
electrode force as used for welding but with nothing be- 
tween the tips and with no current flowing. Following 
this treatment five welds were made at a reduced value 
of current before starting the test. More will be said 
later about the conditioning of electrode tips prior to and 
during welding. 

Two or more tests were run at each of the coolant 
temperatures which were investigated. These tempera- 
tures were 0°, 40° and 70° F. In all tests the coolant 
flow was kept constant at 115 gal. per hour per tip. 
Each test consisted of welding strips of welds at a rate 
of 40 per minute until the Frostcaps showed signs of 
having been in use too long. This became evident by the 
appearance of aluminum on the tip faces and by the 
dirty appearance of the weld surfaces. The results of 
these tests are graphically shown in Fig. 18. More than 
600 welds were made at a coolant temperature of 70° F. 
At 40° F. more than 1200 welds were made and at 0° F. 
more than 2200 welds were made in each of two tests. 
Photographs of strips welded in one of the latter tests 
are shown in Fig. 19. These strips were treated with 
Keller's etch after welding, and it will be noted that, 
even after 2200 welds, there wag no trace of copper on 
the weld surfaces. This particular test was discontinued 
after 2200 welds because of dirty appearance of the welds 
and tips, and because the welds were beginning to stick 
to the tips. In welding the chemically treated stock little 
difficulty was experienced due to sticking except as the 
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tips began to fail near the end of the test. Occasionally 
the tips would show signs of pick-up early in a test and 
then clean themselves as welding continued. When the 
tips failed at the end of a test, they did so very rapidly 
and completely. An attempt was made to keep the 
welding as nearly continuous as possible in each test. 
Short interruptions could not be avoided, however, be- 
tween successive strips containing about 25 welds and 
after every 200 or 300 welds when test specimens were 
welded. 


Table 4—Effect of Coolant Temperature on Number of 
Welds Made with Frostpoints Before Cleaning Became 
ecessary 


Number of Welds Made Average 
Average with Frostpoints Shear 

Coolant Before Cleaning Strength, 

Test No. Temp., °F. Became Necessary Lb. 

31 0 2310 515.0 
32 0 2509 531.8 
33 40 1529 514.3 
34 40 1445 521.5 
35 40 1309 524.9 
36 70 706 535.8 
37 494.9 


70 


613 


The data on these tests are recorded in Table 4. It 
will be noted that the average shear strength of these 
welds was 520 lb. The shear strength tended to fall off 
as the welding progressed. In several cases, after 1000 
or more welds had been made, it was necessary to raise 
the condenser voltage from 25 to 50 volts to keep the 
weld strength at the desired level. An analysis of the 
strengths obtained from all the shear specimens made 
in these tests revealed the following consistency data: 


Number of specimens............. 228 
Average weld strength............. 522 Ib. 
Standard deviation............... 45 Ib. 
Coefficient of variation............ 8.6% 


A number of strips of welds made at each coolant temp- 
erature were radiographed to determine the presence of 
internal cracks. Very few cracks were found and there 
was no indication that coolant temperature has any 
effect on cracking. In fact, the most cracks were found 
in welds made in one of the tests at a coolant tempera- 
ture of 70° F. This is contrary to what was expected. 
It is believed that there are many other factors which 
are more important in determining whether welds crack 
or not. 

In the course of these experiments one phenomenon 
was observed which should be investigated further. 
In all of the tests referred to above the welding pro- 
ceeded more or less continuously from start to finish. 
At the start of each test at 40° and 70° F. the tips were 
wiped dry with a clean cloth, which operation was re- 
peated several times during the test. At the start of 
each test at 0° F. the tip faces were wiped with a cloth 
moistened with Zerone to remove the ice. Following 
this operation and at regular intervals during the test, 
the tip faces were dried with a clean cloth. In other 
words, the tips were kept comparatively dry during all 
the tests described above. It has been noted that there 
was fairly good agreement between tests made at the 
same coolant temperature under these conditions. It was 
found that the results of any one test could not be 
checked, however, by a test in which there was an inter- 
ruption of about two hours, during which time moisture 
was allowed to stand on the tips. This phenomena was 
observed in three different tests and the results are sum- 
marized in Table 5. In each test the interruption seri- 
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Fig. 19—Photographs of Weld Surfaces Treated with Keller's 
Etch to Reveal Copper, Showing No Trace of Copper on Any 
of the Weld Surfaces 


ously limited the number of welds which could be made 
before the tips became dirty, thus producing unsatis- 
factory welds. It is believed that this may be due to‘an 
electrolytic action which takes place during the inter- 
ruption when there is moisture on the tips. It may 
be that in these tests the moisture was contaminated by 
the flux used in soldering the Frostcaps on their respec- 
tive barrels. While the tests were not conclusive, it 
appears that moisture on the tips is more harmful during 
interruptions in welding rather than during welding. 
This is something which merits further investigation. 


Table 5—Effect of Interruptions on Results of Tests of Tip 


Performance. 
—————Number of Welds ~ 
Coolant Before After 
Test No. Temperature, ° F. Interruption Interruption* 
38 0 304 305 
39 0 717 ae 
40 335 

40 40 389 88 


* Before tips failed due to excessive pick-up of aluminum. 


The above is convincing evidence that a reduction in 
coolant temperature is effective in retarding tip pick-up 
and prolonging tip life under good welding conditions. 
Similar benefits should be obtained in actual production 
when the spot welding and associated operations are 
kept under good control. It must be emphasized that 
the use of refrigeration in cooling electrodes cannot cor- 
rect for poor welding conditions such as skidding of 
electrodes on the work, faulty surface preparation of 
stock, inadequate electrode force, high local concentra- 
tion of current on electrode faces due to careless main- 
tenance of tip contour, etc. Any one of these factors 
can obscure the benefits which should be obtained by 
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Ishe use of refrigeration. The above facts probably ac- 
Fount for the wide divergence of opinion on the value of 
eration for electrode cooling. 


reir! 


Problems for Future Research 


[his investigation has shown that tip pick-up of alumi- 
num can be retarded by reducing the temperature of the 
S electrode contact surface. The results of this investiga- 
i tion differ from those of other investigators in that the 
§ increase in the number of welds before tip cleaning bears 

4 linear relation to the coolant temperature, whereas 
} other investigators have found a rapid increase in the 


+ number of welds between tip cleanings below a certain 


temperature. These other investigations have pointed 


| to the desirability of reducing the coolant temperature 


} below some specified value in order to obtain a great 
} vain in the number of welds produced between tip clean- 
lings. These results have led to the belief that a critical 
| surface contact temperature must exist above which 


S electrode tips alloy readily with the aluminum surfaces, 


and below which this alloying action is inhibited. A clue 
as to the possible cause of the difference mentioned 
above has been found in this investigation. It was 
noticed that when tips were allowed to remain idle for 
a period of one or two hours at temperatures which would 
cause liquid condensation on their surfaces, the total life 
of these electrodes between cleanings was greatly re- 
duced. The indication was that during a period in which 
liquid was allowed to remain on the electrodes for an hour 
or more, some electrolytic corrosion may have taken 
place between the electrode and material picked up on 
its surface, resulting in rapid subsequent deterioration. 
During the tip life studies made in the course of this in- 
vestigation the welding was carried on almost continu- 
ously and at no time was moisture permitted to accumu- 
late and remain on the tips. The possible explanation of 
the results obtained by others with reference to a rapid 
increase in the number of welds at temperatures of the 
order of 0° F., is that in these cases no special effort was 
made to keep the electrodes in continuous operation and 
dry. In this case there was an opportunity for liquid to 
remain on the tips at moderate coolant temperature, 
whereas at temperatures sufficiently low, on the order 
of 0° F., the low temperature resulted in ice formation 
which retarded any electrolytic action on the tip sur- 
faces. This might tend to prevent electrolytic deteri- 
oration. This point has not been conclusively proved 
and should be made the subject of further investigation. 

Another possible factor which may have a bearing on 
electrode tip life is the metallurgical condition of the elec- 
trode tip surface. A metallographic examination was 
made of several Frostpoints on which a great many welds 
had been made without pick-up. The copper of these 
tips was found to have been grain refined for a depth of 
approximately two-thousandths of an inch beneath the 
contact surface. This condition has been observed by 
Mr. T. E. Piper of Northrup Aircraft, Incorporated, who 
suggested that this tip condition may be associated with 
freedom from pick-up. The possibility of preconditioning 
spot-welding electrode tips to produce grain refinement 
before welding has also been suggested by Mr. Piper. 


The relatively large number of welds made during the 
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present investigation, even with the coolant temperature 
at 70° F., makes it appear that the metallurgical condi- 
tion of the electrode contact surface may have played an 
important part in the present investigation. The inter- 
relation between tip conditioning and refrigeration as to 
their relative importance should be made the subject of 
future investigation. The effect of different electrode 
alloys should also be studied. 

As mentioned above, the effect of moisture on the elec- 
trode tip while welding and also during interruptions in 
welding should receive further careful study, to confirm 
the limited observations made in this investigation and 
to pursue the problem further to establish the underlying 
causes. The matter of current wave-form has already 
been mentioned as an object for further research with 
respect to its effect on the application of refrigeration. 
The effect of refrigeration in welding thinner and heavier 
gages of material also remains for investigation. 


Conclusions 


As a result of the experiments conducted in this in- 
vestigation a number of conclusions may be drawn: 

1. Under good welding conditions electrode pick-up 
of aluminum can definitely be retarded by the use of 
refrigeration for cooling the electrode tips. Refrigeration 
is not a cure for all troubles, however, and it cannot be 
expected to correct for faulty practice which can some- 
times obscure the benefits obtained by better cooling of 
the electrodes. 

2. The Frostpoint is superior to the standard tip 
with respect to efficiency of heat transfer from face to 
coolant. 

3. The temperature differential between the contact 
face of an electrode and the coolant is largely determined 
by the distance through the electrode metal from face to 
coolant and the design of the internal surface of the tip. 

4. The contact face temperature of the Frostpoint is 
less affected by changes in coolant flow than in the case 
of standard tips, because of its greater efficiency of heat 
transfer to coolant. 

5. The contact face temperature of an electrode tip 
increases rapidly as the coolant flow is reduced below 20 
gal. per hour per tip. 

6. The effect of moisture on electrode tips not only 
during welding but particularly during interruptions in 
welding may not be conducive to good tip life. This 
matter definitely merits further research. 

7. The metallurgical condition of the electrode 
metal in contact with the work is probably an important 
factor in retarding electrode pick-up and may have had 
considerable influence on the results of this investigation. 
This matter also merits further research, particularly 
with regard to the composition of the electrode mate 
rial and the relationship between the metallurgical con- 
dition referred to above and refrigeration. 
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Swiss Standard Types of Welds 


HE accompanying table describes the types of 
welds in Swiss Standard VSM 140/302 of De- 
cember 1942. These standard types of joints 
for gas and arc welding are issued in the form of a 
national standard in order to guide engineers to use 
welded joints that experience has shown to be most 
reliable and most economical. In special circumstances 


> spas from Journal de la Soudure, 33 (6), 138-141 (June 1943) by 


the engineer is at liberty to use other dimensions or ty 
extend the range of application of some of the standard 
types. The plate edges may be cut with an oxygen 
cutting torch for joints 1 to 5 and 8, providing the 
steel has good weldability, is soft, and contains no 
alloying elements. Machine tools must be used ty 
prepare the groove for joints 6, 7 and 9. Fillet welds 
may be used only where it is impossible to use butt 


Dr. G. E. Claussen, Research Engineer, Reid- -Avery Co, welds. 
Swiss of Welds for Gas and Welding 
| Gas Plate Root | Root | Reinforce- | 
| or | Thickness, S Gap, | Face, | ment, 
No. | Type of Joint | Are | From | To | 1 | k | C, Max. | Directions 
Flange Weld | | 
|  (Square-Edge Joint) | 
- Gas | .... | 0.04 ee ee ee | The flanged edges are melted down without 
| adding filler metal. This joint is used for 
ae | parts of secondary importance 
Square-Butt Joint | | 
Welded One Side | | 
- CSS. | 0. 010-0.006 | This joint is intended for static stresses 
| | | 
} ——, Are } .... | 0.20 : | 0.010-0.006 | No root opening is necessary for sheets 
| | | up to 0.08 in. thick 
| 
| 
3 Square-Butt Joint 
Welded Both Sides | | | | | 
v Gas | 0.12 .32 Bal « | 0.010-0.006 | For static and fatigue stresses. The joint 
ZAZA SES Are | 0.12 | 0.32 | | : | 0.010-0.006 must be accessible from both sides 
| 
4 Single- V Butt Joint 
Welded One Side 
~ ne 
| | | 
Gas | 0.16 | 0.79 | 0.3S | . | 0.010-0.006 | This joint is intended particularly for static 
| Arc | 0.16 | 0.79 | 0.1S | .... | 0.010-0.006 | stresses 
| 
| | | 
| | | | 
5 Single-V Butt Joint | | 
Welded Both Sides | 
| 
~ 60° For static and fatigue stresses. The joint 
r must be accessible from both sides 
Gas | 0.20 | 0.79 | 0.3S .. | 0.010-0.006 Before the reverse siae is welded any de 
Are | 0.20 | 0.79 | 0.1S | .. | 0.010-0.006 fects at the root must be chipped out 
completely 
| 
6 Single-U Butt Joint | 
Welded One Side 
| | 
Gas | 0.79in. | | | 
and thicker | 0.12 | . | 0.010-0.006 | 
Are 0.79 in. | This joint is intended particularly for static 
and thicker | 0.08 | 0.010-0.006 | stresses 
| | | 
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Static 


“Single-U Butt Joint 
Welded Both Sides 


Gas | 0.79in. | 
and thicker 0.12 | 0.08 | 0.010-0.006 | For static and fatigue stresses. The joint 


Arc 0.79 in. | must be accessible from both sides. 
| and thicker posse | 0.08 | 0.010-0.006 | Before the reverse side is welded, any 
| | defects at the root must be chipped out 
| completely 
| 

| | 
8 | For static end fatigue stresses. ‘The joint 
-¢a.60° | must be accessible from both sides. 
< iy Se ' Before the reverse side is welded, any 
Gas | 0.47 in. | defects at the root must be chipped out 
and thicker | 0.12 .... | 0.010-0.006 completely. Distortion is less than with 
| Are | 0.47in. | single-V joints. For plates 0.32 to 0.47 
and thicker | 0.08 | .... | 0.010-0.006 in. thick this joint can be used without 
chipping the root before welding the re- 
| verse side, in which event the joint is 
applicable only to static stresses 
8a Double- Bevel Joint 
Gas | 0.47 in. | For static and fatigue stresses. The joint 
| and thicker | 0.12 | .... | 0.010-0.006 must be accessible from both sides. 
Arc 0.47 in. Before the reverse side is welded, any 
and thicker | 0.08 0.08 | 0.010-0.906 defects at the root must be chipped out 
completely 
| | 
Gas | 1.57 in. For static and fatigue stresses. The joint 
and thicker 0.12 .... | 0.010-0.006 must be accessible from both sides. 
| V Arc 1. 57 in. Before the reverse side is welded, any 
| DP and thicker —_ 0.08  0.010-0.006 defects at the root must be chipped out 
| completely. Pistortion is less than with 
single-U butt joints 
Fillet Welds for Gas and Arc sihntichittie 
10 Fillet Weld 
to 
Mere 
SOS <= Ordinarily the size of a ‘‘strength”’ fillet weld is expressed as the throat thickness, a The 
| KY Ya ~~ H leg distance, h, is used only under exceptional circumstances. For fillet welds not 
| > a 14), Mt, i | designed to resist any particular stress the throat and leg dimensions need not be 
WY WE / Lid “ stated. As a general rule for these ‘“‘non-strength” welds, the throat dimension a is 
LLL ! about 0.4 to 0.5 S. 
14 
| 
“Fig. 
These joints are intended for low static stresses. They are not suitable to resist internal 
pressure. 
{ { { ag 1 -Suitable to resist longitudinal load in the direction of the weld 
ig. 2—Suitable to resist external pressure on the overlapping plate 
WMAMV.0US 
| 
Fig. 2 \ | 
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17 Double-Fillet-Welded 
Double-Bevel Tee Joint 
(K Joint) 


For static and fatigue stresses. The joint must be accessible from both sides. 


Befor 
the reverse side is welded, any defects at the root must be chipped out complet tely. 


The root gap is 0.08 to 0.12 in. 
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Effect of Peening Temperature on 


Weld Metal 


By R. E. Somers* 
Introduction Scope 


HERE is considerable conflicting engineering The tests were limited to one grade of weld metal, 
opinion regarding the function of weld peening A.W.S. E 6020, deposited with *‘/,-in. diameter elec- 


and the proper technique for its execution. trodes. 

As an illustration, the 1941 AMERICAN WELDING Two types of specimen were used: the first, called the 
Society Welded Highway and Railway Bridge Code ‘‘Groove Specimen,’’ was designed to simulate the last 
specifies that few layers of a deep groove weld; the second, was a 

“Peening shall be done at a temperature above visible standard 0.505-in. diameter all-weld-metal tensile bar. 

the weld bes cocked below 200° F. but he groove specimens were scheduled to test the effect 

anit Sdilaies 100° F.,” of peening at the following temperatures: 70° (room 


temperature), 200°, 400°, 600° and 1200° F. 

thus by implication avoiding peening in the blue brittle The test piece, shown in Fig. 1, was cut from 1-in. 

range from 300 to 700° F. structural plate of the following analysis: C, 0.19; 
The 1942 addenda to the A.P.I.-A.S.M.E. “Code for Mn, 0.55; P, 0.015; S, 0.034; Si, 0.10. 

Unfired Pressure Vessels for Petroleum Liquids and Two layers of weld metal were deposited, weaving the 

Gases”’ states in Appendix J, full width of the groove. The second layer was built up 
“Effective peening is done below the red hot tempera- with a “reinforcement” about '/,.5 in. above the surface 
ture. Peening done above a temperature at which the f the plate. 
weld metal begins to take on strength is wasted.” 


Since steel begins to show a visible red at about 1100° F., 
the peening would be performed at any point between 
room temperature and 1100° F., which includes the blue 
brittle range. 

This report describes brief tests which demonstrate the 
effect of peening temperature on the properties of E 6020 
weld metal. 


Summary 


Hardness tests and etch inspection for cracks on A.W.- 
S. E-6020 weld metal peened at selected temperatures 
from 70 to 1200° F. showed that the hardening effect of 
peening is greatest in the “‘blue brittle’ range. 

Peening at 600° F. resulted in hardness higher than 
that produced by the heat effect of welding on the base 
metal. Visible cracks were detected only on pieces 
peened at room temperature. 


Fig. 1—Groove Specimen Used to Simulate Upper Portion of 
* Bethlehem Steel Co. Deep Groove Weld 
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\ hardness survey and a hot acid etch inspection for 

‘cks were used to evaluate the effects of peening. 
All-weld-metal 0.505-in. tensile bars were cut from a 

backed-up butt weld with */:-in. gap made in */,-in. mild 


crac 


steel plate with the following chemistry: 
0.49; P, 0.021; S, 0.041; Si, 0.09. 

One tensile bar was cut from a weld peened at 600° F., 
the temperature at which the blue brittle effect is greatest 
in low carbon steel. As a control, another tensile was 
cut from a similar unpeened weld. 


C, 0.24; Mn, 


Test Procedure 


Preparation 


All welds were made by an experienced shop welder 
using a 300-amp. d.-c. motor-generator set. 

The groove specimens were welded, heated in an elec- 
tric furnace at a given temperature, removed from the 
furnace and peened immediately. The peening was 
done by a skilled operator using an air gun and a chisel 
with a nose radius of */,5 in. The peening was heavy 


enough to remove almost all ripple marks on the welds. 
An unpeened piece was placed in the furnace with each 
peened specimen, thus subjecting both to the same heat- 
ing cycle. Both pieces were withdrawn from the furnace 
at the same time; one was peened, the other set aside 
to air cool. The treatment of the peened specimen and 
its accompanying control piece was identical, with the 
exception of the actual peening. 

The following procedure was used for the groove speci- 
mens: 


1. Deposited first layer of weld in groove ('/¢-in. 
diameter E 6020 electrode). 

Heated specimen in furnace to one of temperatures 
tabulated above. 

3. Peened one specimen—companion 

heated but not peened. 

4. Cooled in air to room temperature. 

5. Welded second (top) layer. 

6. Heated specimen. 

7. Peened. 


8. Cooled in air. 


9 


piece was 


Table 1—Average Rockwell B Hardness of Welds Peened at Different Temperatures 


(All Values Average of Two or More Readings) 


SPECIMENS ROCKWELL "B" HARDINESS 
Peening Bottom Layer Top Layer 
Tempe Type Parent Metal of Weld of Weld 
Unaffected Heat Aff. Zone Metal Metal 
70°F. Peened 70 75 72 80 
Unpeened 70 75 70 72 
200°F 6 Peened 70 75 73 a 85 
Unpeened 72 75 72 72 
4000F. Peened 70 80 80 96 
Unpeened 71 78 73 76 
600°F . Peened 71 78 80 eg 
Unpeened 70 75 70 78 
1200°F . Peened 67 72 74 83 
Unpeened 66 72 71 67 
Top Layer Bottom Layer 
| 100 


Peened— 


80 


Haraess 


Unpeened 

| 
‘Parent Metal 

60 60 

O 200 400 600 800 i000 1200 O 200 400 600 800 1000 1200 
Peening Temperature, °F. 
Fig. 2—Hardness of A.W.S. E-6020 Weld Metal Peened at Different Temperatures 
1943 PEENING OF WELDS “BTl-s 
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The weld metal tensile specimen was made according 
to the above procedure (1) through (4), repeated for 
each layer. 

A cross section of the groove specimen was taken '/» in. 
from the start of the weld. This transverse section of the 
weld was polished and used in the hardness survey. 

The remainder of the groove specimen was hot acid 
etched and inspected for cracks. The “reinforcement” 
of the weld was then ground off flush with the surface of 
the plate, which was again etched and inspected. More 
metal was ground off and the inspection repeated until 
four planes had been exposed, in this order: 


1. Surface of finished weld. 

2. “Reinforcement” ground off flush. 
3. Approximate center of top bead. 

4. Approximate center of bottom bead. 


The all-weld-metal tensile specimens were pulled and 
stress-strain diagrams plotted. 


Results 


Hot acid etch of the surface of the weld, and on hori- 
zontal sections through each layer, showed no cracks 
except on the piece peened at room temperature. These 
cracks, parallel to the direction of welding, appeared on 
the surface exposed after the “‘reinforcement’”’ of the top 
bead had been ground off flush with the plate. At the 
location of the transverse section, no cracks were appar- 
ent in any of the specimens. These brief data indicate 
that the A.W.S. Bridge Code is justified in stating that 
peening should not be done below 100° F., since the only 
cracking noted occurred on a piece peened at room tem- 
perature. 

Hardness readings on typical transverse sections 
through the weld are given in Table 1. Figure 2 repre- 
sents the same data graphically. Peening at 600° F. 
increased the hardness of the top layer 21 points to 99 
Rockwell ‘‘B,” roughly equivalent to about 35,000 psi. 
increase in tensile. Peening at 1200° F. increased the 
hardness 16 points to 83 Rockwell ‘“B.”’ Although this 
represents a substantial increase over the unpeened con- 
dition at 1200° F., the magnitude of the hardness was 
lower than that obtained at 200°, 400° and 600° F. 
However, the bottom layer, partially recrystallized by 
the subsequent welding, retained only a fraction of this 
increase in hardness in each case. 

These data indicate that peening can cause hardness 
increases in the weld metal equal to or greater than the 
heat effect of welding on the base material. Subsequent 
welding over the peened layer reduces the hardness, 


indicating that peening of all but the top layers of joint 
would secure the greatest benefit with least danger o 
reduced ductility. 

The curves show that the hardening effect of peenin 
starts to level off at about 600° F., which corroborates 
established data. No cracks were observed at this 
temperature, but the small specimen used provided only a 
fraction of the restraint that would be encountered jy 
commercial practice. On a large welded structure the 
hardening might be sufficient to cause cracking. 

Tensile tests of 0.505-in. diameter all-weld-metal speci. 
mens gave the following results as welded: 


Unpeened 
Tensile, psi. 61,750 58,750 
Yield point* 44,500 38,500 
Elong. in 2in., % 28t 32 


* From stress-strain diagram. 
+ Fractured through small inclusion. 


Since only one specimen of each type was made, the 
data are presented merely as a record. 


Conclusions 


1. Peening of weld metal in the “‘blue brittle’’ range 
produced a 25% increase in Rockwell ‘“B” hardness, 
equivalent to about 35,000 psi. increase in tensile 
strength. The magnitude of this hardening was greater 
than the heat effect of the welding on the base metal. 

2. Deposition of a subsequent layer of weld metal on 
top of the peened layer reduced the hardness to a level 
below that of the heat-affected zone. This tempering 
action is well known, and gave rise to the practice of 
peening all but the last layer of a welded joint. 

3. No cracks were observed on any specimen except 
the one peened at room temperature. 

4. Increases in hardness shown in the test data would 
justify the A.W.S. Bridge Code warning to avoid peening 
in the “‘blue brittle’ range. However, many practical 
peening operations are successfully conducted with 
almost no regard to the temperature, which undoubtedly 
includes the blue brittle range in many cases. Even 
under these severe conditions the weld metal possesses 


sufficient ductility to adjust itself to the stresses encoun- 
tered. 
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Spot Welding of Light Alloys 


By Gordon H. Field, H. Sutton and H. E. Dixon 


Preface 


The results of the previous investigations of the Sub- 
Committee' showed that the average strength of a spot weld 
is comparable with that of a rivet of equivalent size, although 
there are large divergencies in the shear strength of single 
welds or groups of welds. The values of static shear failing 
loads vary from a maximum of 29 per cent. above to a 
minimum of 12 per cent. below the average. These variations 
occur in welds made both with different machines and the 
same machine under given setting conditions. 

The investigations described in the first part of the following 
report have been undertaken : 


(a) To determine the cause of the variation in static shear 
strength and to define the conditions for the produc- 
tion of welds of consistent and predictable strength. 

(6) To provide additional information on the strength 

properties of single spot welds and groups of spot 
welds, and to compare these properties with those 
of riveted joints. 

To determine the stress distribution in spot welded 

joints. 

The second part of the report deals with the results of 
investigations of several ad hoc problems related to the main 
programme of work. 


(c) 


Summary 


PART I 
Investigation of Problems Related to Shear 
Strength Variations 


. Contact resistance (R.52/72) : 
(a) Static contact resistance of differently pre- 
pared surfaces. 
(b) Change of resistance during welding. 
2. Tests on welds made With high electrode pressures 
(R.52/79). 
3. Pickling and surface treatment : 
(a) Fatigue tests on parent metal (R.52/57, 58, 59). 
(b) Tests on spot welds in surface treated material 
(R.52/12). 
4. Torsion and compression tests on single spot welds : 
(a) Compression tests on spot welds in shear 
(R.52/87). 
(6) Torsion tests on spot welds (R.52/71). 
5. Conclusions 


Properties of Spot Welds 


6. Effect of cold rolling on fatigue strength (R.52/85). 
7. Effect of mean stress on fatigue strength of spot welds in 
Alclad sheet (DTD.390) (R.52/120) : 
(a) Specimens and testing conditions. 
(b) Discussion of results. 
8. Comparison of rivets and spot welds : 
(a) Static shear strength of spot welded and riveted 
joints in sheets of various thicknesses 
(R.52/73). 
(b) Tension properties of riveted and spot welded 
joints (R.52/82, 95). 
(c) Fatigue properties of riveted and spot welded 
joints (R.52/94, 69°). 
(d) Consistency of strength values (R.52/89). 
(e) Comparison of production speed (R.52/77). 
9. An investigation of the strength of groups of spot welds 
in duralumin (B.S.S.5L3) and Alclad (DTD.390) 
(R.52/63, 81). 


* Second Interim Report of the R. 52 Subcommittee. 


10. Effect of weld spacing and edge distance on the static 
shear strength of spot welds in Alclad (DTD.390) 
(R.52/99, 100, 102, 108). 

(a) Effects of variation in weld spacing. 
(b) Effects of variation in edge distance. 
(c) Effects of variation in welding procedure. 


Stress Distribution in Spot Welded Joints 


11. Photo-elastic investigations (R.52/51,.75). 

12. Effect on shear strength of drilling material out of the 
centre of spot welds (R.52/97°). 

13. Brittle lacquer investigations (R.52/107*). 


PART Il 
Miscellaneous 


14. Effect of adsorbed moisture on the porosity in welds in 
aluminium alloys (R.52/88). 
15. Determination of the properties of spot welds in 
99.7 per cent. purity aluminium (R.52/53, 53b, 84): 
(a) Micro-examination. 
(b) Static shear tests 
(c) Fatigue tests. 
16. Effect of subsequent heat treatment on the strength of 
spot welds in duralumin (B.S.S.5L3) made by an 
inductance type “ stored energy "’ machine (R.52/73). 


Note.—The figures in brackets refer to the document 
numbers of individual reports as circulated to the Sub- 
Committee. 


PART L. 


Investigation of Problems Related to Shear 
Strength Variations 


1. Contact Resistance 


An investigation was undertaken to determine the effect 
of contact resistance on the properties of spot welds. It was 
believed that the inconsistency in the strength of spot welds 
made with the same machine settings might be due to a 
corresponding variation in the interfacial contact resistance. 

Two aspects of the problem were investigated : 


(i) The static contact resistance under various pressures 
of sheets with differently prepared surfaces. 
(ii) The change of resistance during welding. 


(a) Static Contact Resistance of Differently Prepared Surfaces 
(Sheet to Sheet Resistance) 

The apparatus used for the D.C. resistance measurements 
consisted of a Cambridge millivoltmeter of the potentiometer 
type reading to 0.001 millivolt. 

A current of approximately 3 amps., supplied from a 
2-volt accumulator and resistance, was used. In each test 
the resistance measured included that of two half sheets in 
the path of the current. The latter resistance, estimated at 
being not greater than 1.1 microhms, was small compared 
with the actual contact resistance and was, therefore, 
neglected. Strips of 16 S.W.G. alloy were used and at least 
six determinations were made for each type of surface. 

The mean, the maximum and the minimum resistances 
obtained for each kind of surface are given in Table 1. 
These results show that it is impossible to give any accurate 
value of contact resistance for a given type of surface. 
A considerable “ spread” exists in the values obtained for 
measurements made under identical external conditions. 
The results show, however, that the contact resistance and 
the variation in contact resistance of the “as received ™ 
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TABLE I 
Contact Resistance of Various Surfaces 
Method of Preparation 
(Resistance in Microhms) 
Pressure Ibs. 
Material (4 in. dia. Polished 
domed Polished | and treated Thin 
electrodes) As No. “O” Polished R.A.E. and rubbed with Anodic 
Received Emery on Wheel Pickle* with “O” paste coating 
Emery etch* 
B.S.S. 5L3t 770 740 107 550 51 200 
(1120-25) (240-49) (1400-37) (125-20) 
(Duralumin) 550 
(1400-37) 
1100 84 184 a 
(240-12) 
116 
(250-14) 
DTD. 275t 770 875 63 1350 147 70 1720 
Alclad ’’) (116-20) (2540-217) (3520-542) 
(1740-13) (93-11) 
1100 247 417 88 63 
(513-27) (192-13) 


* For details of composition of etch and pickle, see Section 3. 


material may be reduced by rubbing with emery paper or 
by a suitable pickle. It should be noted that the reduction 
in contact resistance produced by etching or pickling 
solutions depends largely on their respective concentrations. 
In all these tests only the surfaces in contact with the 
electrodes are treated with paste etch or rubbed with emery 
paper, whereas both surfaces of each sheet are affected 
when pickle is used. 

Static contact resistance tests have been made on duralumin 
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PRESSURE-LB. X1OO 
Fig. 1. Pressure-Contact resistance curves 


(A, B, F, G) B.S.S. 5L3. Polished on wheel with MgO powder 
(C) D.T.D. 275. Polished 
eS D.T.D. 275. Polished and emeried 

. J). B.S.S. 5L3. Paste etched 
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t For details of materials see’p. 591 


(B.S.S.5L3) and Alclad (DTD.275) with differently prepared 
surfaces over a range of pressures normally met with in 
welding practice. The results obtained are given in Fig. | 
in which contact resistance (microhms) and pressure (Ibs.) 
have been plotted logarithmically. For a given surface 
preparation, different curves are obtained according to the 
area on the surface tested. The results, for a particular area, 
in all but two cases lie on a straight line with one or more 
changes of slope, which frequently occur in the range of 
pressure from 500-800 Ibs. This is the range of pressure in 
common use in spot welding, so that the actual pressure 
used may be critical as regards initial contact resistance. . 

At low pressures the change of contact resistance with 
pressure is very gradual until a critical point is reached 
when a sudden decrease in resistance occurs. It is probable 
that there is little change in the surface film up to the 
critical point of inflexion, after which the film is ruptured 
and metal to metal contact occurs. As the pressure is 
further increased the number of points of intermetallic 
contact correspondingly increase, thus reducing the contact 
resistance. The relation between contact resistance (R) 
and pressure (P) for the curves with a change of slope is 
given by: 

RP" =k (constant), 

the value of “‘n” for the first part of the curve being from 


TABLE Il 


Effect of Pressure on Contact Resistance Variation for Polished 
Duralumin (B.S.S.5L3) 


Pressure 
(Ibs.) 


Contact 
_ Resistance 
in microhms 


Variation in 
Contact Resistance 
in microhms 
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0 to 0.4, and for the second from 0.04 to 4, the corresponding 


values of “ k” being 0.0008 to 0.00036 and 0.02 to 0.0013 
respectively. ‘ 

Increase in pressure not only reduced the contact resistance 
for a given area on the surface, but also greatly reduced the 
variation in contact resistance over the surface; this is 
shown in Table II. 

Although a general increase in pressure causes a decrease 
in interfacial contact resistance, the variations which occurred 
from one part of the sheet to another, even under identical 
external conditions, are equivalent to those produced by 
a change in electrode pressure of several hundred pounds. 


(b) Change of Resistance during Welding 

Since considerable variations in interfacial contact resistance 
existed, it was thought that the strength of a spot weld might 
bear a simple relationship to the initial interfacial resistance. 

For this part of the work a specially built three-element 
oscillograph was used, capable of measuring secondary 
current and also sheet to sheet and electrode to sheet 
resistance. 


TABLE Ill 


Effect of Contact Resistance on the Strength of Spot Welds in 
16 S.W.G. Alclad (DTD. 275) 


Resistance Shear Stress. 
Weld Ohms x 107° Load of Diameter Mean 
Failure of Spot Current 
Initial | Final (Ibs.) (in.) Kilo-amps. 
119 17.9 | 1.71 968 0.345 24.8 
120 1220.0 1.50 821 0.330 24.4 
121 222.0 1.31 927 0.340 26.3 
122 12.9 1.56 999 0.355 25.9 
123 37.3 1.79 912 0.345 25.7 
124 44.8 1.19 938 0.355 24.9 
125 | 2140.0 1.50 902 0.350 25.9 
126 27.6 1.27 859 0.360 25.1 
127 | 21.7 1.27 760 0.340 25.6 
128 | 2180.0 1.27 764 0.350 25.7 
129 | 5620.0 | 1.36 880 0.360 25.3 
130 28.6 | 1.54 864 0.350 —_ 
131 | 239.0 1.60 748 0.350 25.1 
132 | 10.8 | 1.71 1053 0.350 25.1 
133 | 16.5 1.60 983 0.350 25.2 
134 | 7340.0 1.40 985 0.350 24.7 
135 | 473.0 1.81 1073 0.360 26.0 
136 | 3250.0 1.35 958 0.365 26.1 
137 | $4.2 1.47 879 0.340 26.1 
138 | 1920.0 1.70 1076 0.360 25.5 
139 | 73.5 1.30 970 0.340 25.9 
140 | 15.6 1.54 | 924 0.335 25.6 
141 | 460.0 1.80 | 930 0.360 25.6 
142 | 47.4 1.73 | 1140 0.380 - 
Mean’ 1060.0 | 1.51 | 928 0.351 25.5 
Variation °, +22.9 —19.4 


Operational details :—A.C. machine (frequency 50 c.p.s.) 9 cycles; no post- 
heat current or “‘ upset” pressure. 4 ins. domed electrodes. Electrode 
pressure 900 Ibs. Paste etch on outer surface of sheets. 


Oscillograms of a series of twenty-four welds in 16 S.W.G. 
Alclad to DTD. 275 were taken to supply values of electrode 
to sheet and sheet to sheet contact resistance and current, 
with the object of determining the influence of initial inter- 
facial resistance on the strength of the spot welds. Initial 
and final resistances were also measured. The results, which 
are given in Table III, indicate that there is no relation 
between the initial resistance between the sheets and the 
shear strength of a spot weld, e.g., sheets with resistances 
of 11 and 13 microhms and 1920 and 2140 microhms gave 
spot welds with shear strengths of 1053 and 999 Ibs. and 
1076 and 902 Ibs. respectively. 

The oscillograms showed that when the initial resistance 
is high, it breaks down in less than 0.01 second. Thus 
as the initial resistance is only operative for this short time, 
it does not greatly influence the shear strength of the spot 
welds. 


SPOT WELDING LIGHT ALLOYS 


2. Tests on Welds made with High Electrode Pressures 


The effect of contact resistance on the variation of shear 
strength was further investigated by making a series of 
12 single weld specimens with a high electrode pressure. 
Under these conditions contact resistance was reduced to 
a low and constant value, and if variations of shear strength 
were due to variations in contact resistance the series of 
welds would have consistent strength values. 

The welds were made with a D.C. * stored energy ” machine 
from 20 S.W.G. Alclad alloy (DTD. 390), using a welding 
pressure of 1500 Ibs., the normal pressure for this type of 
machine being 400 Ibs. It was expected that small welds 
would result, although the secondary current was equivalent 
to that used on 16 S.W.G. material. 


TABLE IV 
Variation of Shear Strength of Welds made with a High Electrode 
Pressure 
Weld | Load Weld Diameter | Shear Stress 
No. (Ibs.) (in.) | Tons/sq. in. 

438 

2 550 0.18 9.7 

3 372 min. 0.16 8.3 

4 453 0.17 8.9 

5 493 0.17 9.7 

6 372 min. 0.15 9.4 

7 | 602 0.19 | 9.5 

x | 489 0.16 10.9 

) | 620 0.19 9.7 

10 484 0.16 10.8 

1] 629 max. | 0.19 9.9 

12 507 | 0.17 10.0 
Mean 467 

Variation % —20 to +33 

Ps/t 12,300 


Machine: D.C. Reactance type. 
Surface preparation : Surfaces in contact with electrodes lightly emeried. 
* Test damaged. 


The results, which are summarised in Table IV, show that 
the variations in shear strength are as great as those obtained 
under the usual welding conditions, the actual shear stress 
being rather low. In all cases failure occurred by shearing 
of the spot. 


3. Pickling and Surface Treatment 


Owing to the presence of a film of oxide on the surface 
of light alloys, some form of preparation is necessary before 
welding to ensure the formation of welds with consistent 
properties. The use of mechanical means of preparation 
can give good results, but is difficult to control. According 
to SuTToN and PEAKE?® chemical methods effect some 
reduction of the fatigue strength of the material, and this 
has been confirmed by the following tests for several chemical 
methods used in the surface preparation of aluminium alloy 
sheets for spot welding. 


(a) Fatigue Tests on Parent Metal 

The following methods of preparation were applied to 
Wohler type fatigue specimens which were machined from 
a duralumin type alloy (B.S.S. 5L1) in the form of rod. 
This material possessed the following composition and 
properties : 


| 
| Material used for investigation No. : 
Composition 
1 and 2 3 

Copper 4.35 4.25 
Silicon 0.50 0.32 
Manganese 0.43 0.57 
lron ; 0.49 0.50 
Magnesium 0.60 0.93 
Titanium eon trace trace 
Aluminium remainder remainder 
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| Material used for investigation No. :— 
Properties 
1 2 3 
Diameter (in.) we | 0.494 0.495 0.565 
Gauge length (ins.) 2.0 20 — 
Limit of 
proportionality | 
(tons/sq. in.) .. 20.0 19.4 14.3 
0.1% Proof stress.. | 22.5 23.0 20.7 
0.2% Proofstress.. | 22.6 23.1 — 
0.5% Proof stress.. | 22.8 23.3 21.8 
Maximum stress 
(tons/sq.in.) ..| 31.8 32.5 31.4 
Young’s modulus | 
(E) 10-* Ib./sq. in. | 10.2 10.4 — 
Elongation % on| 16.0 16.0 19.5 
‘4VA | 


(1) Paste Etch 


Immersion for 30 seconds (at 21° C.).in a solution 
containing : 


Hydrofluoric acid (conc.) 135 gm. 
Gum tragacanth (powdered) .. 40.5 gm. 
Water 1089 c.c. 


followed by dipping in 50 per cent. nitric acid 
solution and washing. Material used was made 
to B.S.S. 5L1 and tested in the “as _ received” 
condition. 


(2) Sulpho-Chromic Pickle 
Suspension of test pieces in the following solution 
for 20 minutes at 48°C. to 50°C. and washing : 
150 gm. Chromic anhydride. 
450 gm. Sulphuric acid. 
2550 c.c. Water. 


(3) R.A.E. Bath D. 
Immersion for 10 minutes at room temperature 
in a solution containing : 
10 per cent. Sulphuric acid (vol.). 
1 per cent. Sodium fluoride (wt.). 
followed by rinsing in cold water, and then immer- 
sion for about one minute in 50 per cent. nitric acid. 


The specimens were tested in air up to 10’ cycles at approxi- 
mately 1800 r.p.m. after allowing a minimum period of 
21 days to elapse from the time of surface treatment. The 
pickling leads to a slight reduction in the diameter of the 
specimen, which was determined by measuring the loss of 
weight due to the treatment. Fatigue tests were also carried 
out on the material in the “as received”’ condition. The 
results are summarised in Table V. 


TABLE V 
Reduction of Fatigue Strength of Duralumin Due to Surface 
Treatment 
Fatigue Limit 
(Tons/sq. in.) *%, Reduction | Reduction in 
Solution in Fatigue Dia. due to 
As Surface Limit Treatment 
Received | Treated (in.) 
(i) 11.20 10.20 9 0.00004 
(ii) 12.70 10.80 14 0.00008 
(iii) | 6.9 0.0006 


Endurance 10~7 cycles : Wohler type specimen. 


(b) Tests on Spot Welds in Surface Treated Materials 

The effect of time between surface treatment and welding 
on the static shear strength of spot welds was also investi- 
gated, using the paste etch and emery cloth abrasion. The 
results showed that up to a delay of eight days there is little 
effect on the shear strength, although severe “ pick-up” 
occurred after only one day with the emery cleaned surface. 
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Considerable variations of shear strength were obtained with 
the emery treated sheets. 
Oscillograms have also been taken to determine the effec; 
of pressure, current and surface preparation. 
Three types of surface preparation were used, namely : 
No. 0 Emery Cloth ec on surfaces in contact 


Paste Etch. . with electrodes. 
R.A.E. Bath D. 


For paste etch preparation the sheets were degreased with 
benzine and the paste applied for about 15 seconds. After 
being washed with a stream of cold water, the sheets were 
dried and welded immediately after drying. The compo. 
sition of etch and pickle is given in the first part of this 
section. 

These tests showed that the paste etch preparations gave 
the lowest electrode to sheet resistance, and that increase in 
pressure caused a slight decrease in the electrode to sheet 
resistance. 

In conclusion, the results showed that paste etch prepara- 
tion and chemical pickle were better than mechanical methods 
for preparing surfaces. 

Although paste etch gave the lowest contact resistance, it 
was felt that suitable chemical pickles could be controlled 
more easily to give consistent results. 


4. Torsion and Compression Tests on Single Spot Welds 
(a) Compression Tests on Spot Welds in Shear 

By using a specially constructed jig to test spot welds in 
compression (Fig. 2), an attempt was made to determine their 
actual shear strength by eliminating the tensile stress which 
is set up in the normal tensile shear test. 


Fig. 2. Jig used for testing spot welds in compression showing 
test specimen in position 


The compression specimens were made so that when 
complete they had parallel edges along which the compressive 
stress is applied. Ordinary tensile speciraens were made 
under identical conditions for comparison. In both cases 
16 S.W.G. duralumin B (B.S.S. 5L3), which had been pickled 
in sulphuric acid-sodium fluoride solution, was used. 

The results of these tests are given in Table VI. 

There is a variation in diameter from one spot weld to 
another, but the average values of shear stress show that 
the apparent shear stress in tension is approximately 
10 per cent. less than that in compression. 

The maximum variation in shear stress is greater for the 
tensile tests, and this may be due to the greater difficulty 
of drilling holes sufficiently accurately to give pure axial 
loading. 


(b) Torsion Tests on Spot Welds 


Test pieces for single welds were prepared in 20 S.W.G. 
duralumin. These were jig drilled at the ends to enable 
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TABLE VI 
Strength of Spot Welds in Shear 


TABLE VII 
Torsional Loading of Spot Welds 


Compressive Shear Tensile Shear 
Apparent 
| Load | Shear Load Shear 
Weld) at |Diam.| Stress | Weld) at Diam.) Stress 
No. |Failure | (in.) | Tons | No. |Failure | (in.) | Tons 
(ibs.) /sq. in (Ibs.) / sq. in. 
57 | 870 | 0.21 11.2 37 720 | 0.19 11.4 
58 790 | 0.20 11.2 38 739. | 0.20 10.5 
59 | 1010 | 0.23 10.9 45 | 761 | 0.20 10.8 
60 916 | 0.22 10.7 46 828 | 0.21 10.7 
61 | 893 | 0.21 | 116 | 47 | 774 | 0.20! 110 
62 949 | 0.22 I1.1 48 726 | 0.21 9.4 
63 | 1033 | 0.22 12.2 55 810 | 0.21 10.5 
64 947 | 0.21 12.3 56 710 =| 0.21 9.1 
Mean} 926 | 0.215] 11.4 759 | 0.204) 10.4 
Max 
Variation —14.7 | —6.1 —6.5 —12.5 
from +11.5 +7.9 +8.7 +9.6 
Mean | | 


Machine: D.C. Reactance type with recompression cycle. Welding pressure 
420 Ibs. Recompression pressure 1,500 Ibs. 
—_— = : Etch, 15 per cent. H,SO, (by volume) plus 1 per cent. NaF 
y weight). 
a : 1} in. dia. hard electrolytic copper. 3/16 in. dia. “ flat” top and 
ttom. 


them to be tested in stirrup grips which provide axial loading. 
Three types of specimens were prepared as shown in Fig. 3, 
the twist effect being obtained by varying the position of 
the weld from the centre line of pull. The results obtained 
(Table VII) show the importance of obtaining truly axial 
loading when testing single spot weld specimens. 

When testing spot welds it is recommended that stirrup 
grips be used and the loading holes jig drilled after welding 
to ensure axial loading. Only in this way is it possible to 
obtain comparable results. With friction grip (wedge type) 
jaws it is difficult to ensure that the specimen is gripped 
uniformly along the loading edge. 


5. Conclusions 


_ The investigations have shown that although wide varia- 
tions occur in initial contact resistance, there is no relation- 


WELD 1/4 
Orr 
CENTRE 


Fig. 3. Specimens used for torsion tests 


1943 SPOT WELDING LIGHT ALLOYS 


Position of Weld Average Breaking Load 
(Ibs.) 


Central 565 560 


+ in. out of centre 390 390 


180 
t in. out of centre | 310 229 
180 


250 


Machine: D.C. Reactance type with recompression cycle. 
Surface preparation : Chromo-sulphuric acid pickle at 55-60°C., 5 per cent. 
chromic acid, 15 per cent. sulphuric acid and’80 per cent. water (by weight). 


ship between these variations and the shear strength of the 
resulting spot welds. 

Within limits, variations of initial contact resistance do not 
influence the consistency of the shear strength of spot welds. 
High electrode pressures do not appear to reduce the 
variation in shear strength. 

The use of a jig to test specimens in compression was 
adopted with the object of obtaining a pure shear stress 
to eliminate the variable tensile stress which occurs in 
tension shear testing. It was considered that this factor 
may contribute to the inconsistency of the strength of 
spot welds. There is a reduction in the variation of failing 
shear stress values when tested in compression, but the 
actual failing loads are more variable than the values 
obtained from the tensile shear tests. In general, the results 
of the investigation do not lead to any definite conclusions 
with regard to the causes of the variation in strength of 
spot welds. 


Properties of Spot Welds 


6. Effect of Cold Rolling on Fatigue Strength 

In previous investigations' fatigue failure had always 
occurred outside the weld zone proper, showing that the 
fatigue resistance of a weld was determined by the properties 
of the material adjacent to the weld. In order to improve 
the properties of the material in this region specimens were 
cold worked after welding. 

For this purpose twin-weld specimens, with the welds in 
tandem, were cold rolled and tested under fatigue loading. 
The material used was 0.036 in. thick duralumin type alloy 
to B.S.S.5L3, and the specimens were cut from a seam 
made with a 2 in. overlap with spot welds spaced | in. apart. 
Strips 1 in. wide were cut from the welded sheets and milled 
to 0.7 in. for testing.* 


* Machine: D.C. Reactance type with recompression cycle. Welding pressure 
300 Ibs. Recompression pressure 1,000 lbs. 

Surface preparation : Chromo-sulphuric acid pickle. ‘ 

Electrodes : Hard electrolytic copper, 5/32 in. dia. “ flat” top and bottom. 
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180 Strength of Spot Welds in Alclad 

120 444440 stmt In previous investigations of the R.52 

ON loads were such that the mean load and 

= io” 1 io® 10” ing load were equal and positive. 

ENDURANCE CYCLES i.e, the ratio load range was unity, 


hig. 4 (a-d). 


Three degrees of reduction by cold rolling were adopted 
and one set of specimens was tested “as welded”: 
(a) 2.7 per cent. reduction, (4) 5.3 per cent. reduction, 
(c) 8.0 per cent. reduction. 

The weld itself was cold worked only when the highest 
degree of rolling was applied. Rolling was carried out on 
individual specimens, and there was a certain amount of 
distortion which was greatest for the higher percentages of 
reduction. This distortion is probably the source of the 
considerable scatter which is evident in Fig. 4 (d). 

The testing was carried out with the welds in shear and 
a load cycle of P (141/2), P being the mean or static load 
of the cycle. Failure occurred transversely along a line 
tangential to one of the spot welds, and in this respect is 
similar to the failure of single spot specimens. 

Figs. 4 (a) to (d) give the curves of P—log N for the 
series of specimens tested. Rolling to 2.7 per cent. reduction 
in thickness, appears to have resulted in an increase of 
strength. This is marked both by a displacement of the 
P—log N curve to the right and also by unbroken test pieces 
occurring at higher stresses after 20 million cycles. Further 
rolling to 5.3 per cent. reduction in thickness has given no 
improvement over “as welded” test picces and rolling to 


TABLE VIII 
Results of Fatigue Tests on Cold Rolled Specimens 


Fatigue tests on cold worked spot welds 


TCI 


Reduction by 


Cold Work 5,3° 


» || Reduction by Cold Work 8.0%, 
TDi | 1 000 


Ref. | Load P| No. of Cycles | Ref. | Load P| No. of Cycles 
Ibs. to Failure Ibs to Failure 
Material as Welded Reduction by Cold Work 2.7% 
TA6 160 282,000 TBS 160 929,000 
TAI 125 507,000 TBI 120 5,037,000 U 
TA4 110 702,000 TB2 110 | 21,445,000 U 
TA2 100 36,113,000 U TB3 100 2,654,000 
TA?7 100 1,038,000 TB4 90 26,135,000 
TAS | 9% 1,054,000 ~ TR6 80 32,324,000 U 
TA3 | 80 1,509,000 
TA8 |; 70 21,378,000 | 
| 60 2,735,000 | 


120 472.000 120 408,000 
TC2 | 110 1,450,000 TD2 110 1,441,000 
TC3 | 100 1,739,000 TD3 100 $38,000 
TC4 | 80 2,381,000 TD4 90 2,154,000 
TC6 70 $1,895,000 U TDS | 80 1,048,000 
TCS 60 32,325,000 U TD6 | 70 1,838,000 
U Unbroken 


Tests undor fluctuating tension (welds in shear) with Joad limits given by P(i +4) 
is the mean or static load : 


where P 
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mean load 
the joading being tensional with the 
welds stressed in shear. Values of 
* safe "’ mean load based on an endurance of 20 « 10° cycles 
were determined under these conditions and regarded as 
criteria of fatigue strength. The following tests were 
carried out to determine the effect on the fatigue strength 
of varying the value of the ratio load range. 
mean load 


(a) Specimens and Testing Conditions 

Sheets of 16 and 20 S.W.G. Alclad (DTD. 390) were 
welded by an A.C. programme controlled machine, the 
surfaces in contact with the electrodes being prepared for 
welding by lightly rubbing with emery paper and then 
applying paste etch. Three multi-weld single row lap joints, 
with a 1 in. overlap and weld spacing, were made for each 
gauge thickness. Production considerations made it impos- 
sible to make all the welds required for a given gauge sheet 
in a single joint, three joints (known as A, B and C joints) 
being required. 

The joints were cut into single weld test pieces (Fig. 5) 
and numbered according to the order of making the welds. 
Six welds from each joint were tested in static shear, and 
the remainder of the specimens were tested under fluctuating 
loading. 

With the testing machine used, a steady mean tensile load 
could be applied to the test piece (weld in shear) with a super- 
imposed fluctuating load of closely sinusoidal form giving 
a resultant load cycle of the general form shown in Fig. 6 
The magnitude of the mean and fluctuating loads could be 
varied independently, but the construction of the machine 
prevented the application of any compressive load. 

The welds for the fluctuating load tests were arranged in 


Fig. 5. Method of preparing spot weld test pieces used to 
determine the effect of mean stress on fatigue strength 
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Fig. 6. General form of fluctuating load 


groups, each of which was obtained wholly from a single 
joint and was used to determine the fatigue strength for 
a particular load range ratio. 


TABLE X 
Results of Static Tests 


Sheet Thickness Joint Symbol 


Test 
Piece A B Cc 
Nomina] Actual | No. - 
(S.W.G.)' (in.) Failing; Weld Failing Weld |Failing Weld 
| Load | Dia. | Load | Dia. | Load | Dia. 
| (Ibs.) | (in.) | (ibs.) | (in.) | (Ibs.) | (in.) 
1 | 618 |0.18| 480 |0.15| 639 |0.18 
0.0395 
2 643 (0.19) 673 | 0.19 571 |0.17 
0.0395 3 §25 | 0.15 542 | 0.17 537 |0.155 
9 508 | 0.15; 611 (0.19 593 |0.17 
0.0400 


15 | $12 |O.15| 591 |0.18 | S61 (0.18 
21 | 517 |0.16| 604 (0.18 | 564 |0.18 


mean load 
TABLE IX 
Allocation of Single Weld Test Pieces 
Thickness) | 
of Joint | Load Range Nos. of Test Pieces 
Material | Symbol | ——————- Ratio Allocated 
S.W.G. | Mean Load 
0 | A | o* | 1, 2, 3, 9,15, 21 
20 a3 0.5 | 18, 19, 20, 22, 23, 24 
20 A | 0.75 11, 12, 13, 14, 16, 17 
20 A | 1.0 | 4 5, 6 7, 8,10 
0 | B | o* | 1, 2, 3, 9,15, 21 
2 B 0.25 | 16t, 17t, 18t, 19, 20, 
| | 22,23, 24 
20 B | 0.5 | 10, 11, 12, 13, 14 
20 | B | 1.0 444.4% 8 
2 ra o* 1, 2, 3, 9, 15,21 
2 | C | 0.25 17t, 18¢, 19, 20, 22, 
23, 24 
0.75 11, 12, 13, 14, 16 
16 | o* | 4, 2, 3, 9,15, 21 
16 A | 0.75 | 19, 20, 22, 23, 24 
16 A | 1.0 | 4 5, 6 7, 8,10 
16 A 1.8 | 11t, 12t, 13, 14, 16, 
| 17, 18 
16 B | oF | 4, 2, 3, 9, 15, 21 
6 6| 6B OC 0.25 18, 19, 20, 22, 23, 24 
16 R 0.5 11, 12, 13, 14, 16, 17 
1606} «OCB | 1.0 | 4, 5, 6, 7, 8,10 
16 o* 1, 2, 3, 9,15, 21 
16 Cc 0.125 11, 12, 13, 16*, 
17+, 20, 22, 23 
i. oe 1.0 | 4, 5, 6, 7, 8,10 


* Static tests. + Preliminary tests at loads outside range of diagrams. 


Ratios of 1.0, 0.75, 0.5, 0.25 were investigated with the 
20 S.W.G. joints and of 1.8, 1.0, 0.75, 0.5, 0.25 and 0.125 
with the 16 S.W.G. joints. To enable a direct comparison 
to be made between the three joints in each gauge of sheet 

series from each joint was tested with a —— 
mean load 
ratio of 1. The full allocation of these test pieces is given 
in Table IX. 


(6) Discussion of Results 

The results of the static tests are given in Table X. There 
is considerable variation in the strengths of individual welds, 
but the average failing loads obtained from similar joints 
show fair agreement. The results of the fluctuating load 
tests are plotted in Figs. 7, 8 and 9, and are summarised in 
Table XI. A considerable amount of scatter is evident in 
some of the diagrams, and the number of points are 
insufficient to indicate more than general trends, but an 
abrupt flattening is clearly indicated in most cases and this 
facilitates the estimation of the load associated with an 


Av. Failing Load (Ibs.)| 554 | $83 $77 

16 A 1 | 1,082 | 0.25 | 1,330 | 0.27 | 1,321 | 0.29 

0.0710 
2 | 1,159 | 0.25 | 1,172 | 0.25 | 1,117 | 0.26 

0.0695 | 3 | 1,066 | 0.27 | 1,074 | 0.25 | 1,164 | 0.25 
Cc 9 | 1,222 | 0.27 | 1,040 | 0.24 | 1,264 | 0.27 
0.0685 


1S | 1,078 | 0.24) 952 | 0.24 | 1,238 | 0.27 
21 1,214 | 0.25 | 1,164 | 0.25 | 1,070 | 0.27 


Av. Failing Load (Ibs.)| 1,137 1,122 1,195 


SPOT WELDING LIGHT ALLOYS 


Machine: A.C. programme controlled. 

Surface preparation: Lightly emeried. Hydrofluoric acid paste etch applied 
to surfaces in contact with electrodes. ’ 

Electrodes : Hard electrolytic copper, domed 1 in. radius. Fiat tip 9/16 in. dia. 
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ENDURANCE, CYCLES 
Fig. 7. Load-Endurance curves for spot welded lap joints (single 
spot) in 16 and 20 S.W.G. “Alclad” sheet, tested in fluctuating 
tension (weld in shear) at Range load ratio I 
Mean 
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(single spot) in 20 S.W.G. “ Alclad” sheet, tested in fluctu- 
ating tension (weld in shear) at various Range load ratios 


Mean 


endurance of 20 x 10° cycles. The combinations of load range 
and mean load to give estimated endurances of 20 x 10° cycles 
are plotted in Fig. 10. The tendency for the load range to 
decrease as the mean load increases is more clearly defined 
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Fig. 9. Load-Endurance curves for spot welded lap joints 
(single spot) in 16 S.W.G. “ Alclad ” sheet, tested in fluctuating 
tension (weld in shear) at various Range load ratios 
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Fig. 10. Curves of mean load against range (20 « 10° cycles) 


for spot welded lap joints (single spot) in 16 and 20 S.W.c. 
“ Alclad ** sheet, tested in fluctuating tension (weld in shear) 


in the case of the 16 S.W.G. joints where a wider range of 
ratio was investigated. As the mean load increases there js 
a tendency for the rate of decrease in load range to become 
less, so that neither the “modified Goodman’”’* (straight line 
law) or the “Gerber *’* (parabolic) rule may be used for 
estimating the safe values of load range associated with any 
particular value of mean load. 

The fatigue strength for a load range ratio of 1 appears 

mean load 

to be about 10 per cent. of the static strength. By extra- 
polation the fatigue strength for a ratio of 2 is estimated 
to be about 6 per cent. of the static strength. 

No conclusions can be drawn about the fatigue strength 
for higher ratios as these would entail compressive loads in 
the test piece. 


TABLE XI 
Summary of Results of Load-Endurance Tests 
Nominal Sheet Load Range} Mean Load (\bs.) 
Thickness | Joint | Ratio————— | for Endurance of 
S.W.G. | Symbol | Mean Load 20 x 10° Cycles 

0.25 | 174 

0.25 170 

A 0.50 85 

B 0.50 95 

20 A 0.75 &4 

0.75 80 

| A 1.00 | 59 

1.00 | 58 

1.00 62 

0.125 | 440 

0.25 300 

0.5 | 186 

16 A | 0.75 158 

1.0 127 

1.0 128 


All failures were by transverse cracking of one or both strips, tangential to the 
weld. 


8. Comparison of Rivets and Spot Welds 


(a) Static Shear Strength of Spot Welded and Riveted Joints in 
Sheets of Various Thick nesses 


A series of spot welded and riveted specimens was made 
up in sheets of various thicknesses (B.S.S. 5L3), with two 
spot welds or rivets in each specimen in tandem or in 
parallel. Snap head rivets (conforming to DTD. 327) 
of different diameters according to the thickness of the 
sheets were used. The results of these tests are given in 
Table XII. 


see “* The Mechanical Testing of Metals and Alloys,”’ by P. Field Forster 


* eg., 
(3rd edition), Pitman, London, 1942, pp. 215-217. 
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This Table shows clearly the advantage of spot welding 
over riveting in that the size of weld can be readily increased 
according to the sheet thickness. Provided the machine 
used is of sufficient capacity, it is possible to produce welds 
which are considerably stronger than the corresponding size 
of rivet used. 


TABLE 


Failing Loads (Ibs.) of Rivets and Spot Welded Specimens in Sheets 
of Various Thicknesses 


Thickness of | | 
Material 14 | 16 | 18 | 20| 22 | 24 | 26 
S.W.G. | | 
WELDS* | | 
Maximum vi 755 | 683 | 547 | 327 | 238 | 218 
Minimum ca 605.| 503 | 360 | 240 | 185 | 134 
Mean... .. | 753 | 693 | 600 | 432| 292 | 210 | 184 
No.ofTes  .. 8| 19| 9 | 9| 13 
RIVETS 
4 in. Maximum 275 248 
Minimum .235 | 187 
Mean... 254 | | 220 

} in. Maximum | 440 | 475 416 | 374 | 

Minimum 404 410 385 | 300 | 

Mean... | 425 435 398 | 337 | 

| | 

in. Maximum 693 

Minimum 658 | 

Mean 680 

in. Maximum 934 

Minimum 910 

Mean... | 923 | 


* Machine: D.C. Reactance type with recompression cycle. 


(6) Tension Properties of Riveted and Spot Welded Joints 


A specially designed jig (Fig. 11) was made to test spot 
welds and rivets in pure tension. Specimens for testing 
were made in various thicknesses of sheet (18, 20, 22 and 24 
S.W.G.) to DTD. 275. Spot welded and riveted specimens 
were made under the same conditions for testing in shear. 

The results, which are summarised in Table XIII, show 
that for both rivets and spot welds the ratio of tensile to 
shear strength decreases with the thickness of the material. 
It is probable that the thinner sheets distort more easily 
during testing and a shear component of stress is set up 
across the weld. 

The rivets give higher values of the ratio of tensile strength 
to shear strength, but this is largely due to their low shear 
strengths and the actual tensile strengths of the spot welds 
are equal to those of the rivets in the 20 and 22 S.W.G. 


TABLE 
Tests on Spot Welds and Rivets in Tension 


Failing Load 
S.W.G. (Ibs.) 


Ratio : 
\Tensile Strength 


Shear Strength 


Type of Joint 


Shear| Tension 


Spot Welds* 18 571 299 0.525 
20 510 | 228 0.447 
22 471 189 0.400 
24 290; 113 0.390 

Rivets 
4 in. dia. (countersunk) 18 556 | 408 0.735 
to B.S.S. 2L37. Heat 20 398 | 220 0.552 
treated and aged 4 22 350} 189 0.540 
days before testing. 24 231 148 0.640 


* Machine: A.C. mme controlled. ; 
Surface preparation: Hydrofluoric acid paste etch on surfaces in contact 
with 
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Fig. 11. Jig used for testing spot welds in tension 
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materials. Although in this instance the rivet diameter is 
smaller than the spot diameter, the results show that it is 
possible to produce a spot weld of equal strength in tension 
to that of a rivet. 


(c) Fatigue Properties of Riveted and Spot Welded Joints 


Fatigue tests have been carried out on some riveted joints, 
using the same test and loading conditions as used for the 
tests on spot welds given in the First Interim Report of 
the R.52 Sub-Committee on the Spot Welding of Light 
Alloys.' 

As with the spot welded joints a | in. overlap was used, 
and each specimen was milled to 0.7 in. width, with a single 
rivet central in the joint. Tests were carried out with the 
rivets in shear and a load cycle of the form P (11/2), 
P being the mean or static load of the cycle. Failure 
occurred mainly in the sheet material but sometimes in the 
rivet. The results of the tests carried out on an endurance 
basis of 20 10* cycles are given in Table XIV. 

Table XV contains corresponding data for spot welded 
joints and has been derived from the First Interim Report.' 

Unfortunately a true comparison of results cannot be 
made owing to differences in gauge of sheet and in the 
composition of the sheet. However, it is estimated that, 
under the condition of these tests, spot welds have about 
one half the fatigue strength of equivalent rivets. 


(d) Consistency of Strength Values 


Spot welding has been criticised on account of the difficulty 
of obtaining consistent strength values, and it was decided 
to compare the behaviour of spot welds and equivalent 
rivets. 
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TABLE XIV 
Static Shear and Fluctuating Shear Properties of Single Rivets 


| | Static 
Shear |Fatigue 
Failing | Limit | Ratio 
Material |S.W.G.| Type of Rivet Load Ibs. | Pf/Ps 
Ibs. (Pf) 
(Ps) 


NA. 23ST | 18 


| 4 in. dia. semi- | 509 130 | 0.256 
tubular bifur- 
| cated rivet to 


DTD. 327. 

Countersunk 

heads. 
Alclad 18 | Ditto 438 138 |0.315 
NA. 23ST | 
to DTD.390 


NA 23ST | I8 | in. dia, smap-| 539 | 130 | 0.242 
| head rivet to 


TABLE XVI 
Static Shear Strength of Rivets and Spot Welds 
Rivet 
Weld* (rivets to 
DTD. 327) 
Failing Loads (Ibs.) of single spot 460 475 e 
welds and rivets. 430 455 
390 465 
460 520 
420 450 
440 520 
460 470 
440 480 
430 525 
440 550 
Mean a3 437 491 
Mean diameter .. a 0.16 in. 0.156 in 
Mean apparent shear stress. 
Tons/sq. in. .. 9.67 11.5 
Mean variation % +5.3 —10.7 | —8.4 +12.0 


B.S.S. 2L37 
Alclad 18 Ditto 558 132 | 0.236 
NA. 23ST 
to DTD 390, | 
Duralumin| 22 | 4 m. dia. semi- | 317 88 | 0.278 
to | tubular  bifur- 
B.S.S. 5L3 | | cated rivet to | 
DTD 327 
Countersunk 
heads. 


Load Cycle = P(1 +4). 
Endurance, 20 x 10° cycles. 


TABLE XV 


Static Shear and Fluctuating Shear 
Properties of Single Spot Welds (A.C. Machine) 


Static Shear 
Failing Load Fatigue Ratio 
Material S.W.G_ | (ibs.) Firm | Limit (Ibs.) Pf/Ps 
Pf 
NA 17ST 20 487 60 0.123 
Alclad 20 420 72 0.171 
NA 17ST 
NA. 17ST 16 679 105 0.155 
Alclad 16 814 80 0.098 
NA. 17ST 


Load cycle = P(1 +4). 
Endurance, 20 x 106 cycles 


Two pieces of 0.040 in. thick duralumin (B.S.S. 5L3) were 
joined by 10 spot welds, and a similar panel was made with 
an equal number of rivets (DTD. 327) of approximately 
the same diameter as the welds, using a bifurcated automatic 
machine The joints were cut up into single weld and 
single rivet specimens for testing, and the results are given 
in Table XVI, from which it appears that the consistency 
of spot welds compares favourably with that of rivets. 


(e) Comparison of Production Speed 


The speed of riveting light alloy panels has been increased 
hy the introduction of the bifurcated automatic riveting 
machine, and it was decided to determine whether spot 
welding had any advantage over riveting as regards 
production rates 

For this series of tests the sheets to be welded and riveted 
were already prepared for each operation before actual 
timing commenced, i.e., the holes were marked off in the 
case of the rivets and the sheets were pickled and cleaned 
for spot welding. The time taken to make 21 welds in 
0.036 in. sheet duralumin (B.S.S. 5L3), with | in. overlap 
and at # in. pitch, was compared with that necessary to 
complete 21 riveting operations on similar sheets with the 


* Machine: D.C. Reactance type with recompression cycle. 
Surface preparation : Chromo-sulphuric acid pickle. 


automatic riveter. The rivet diameter was 4 in. and the 
spot welding machine was of the “stored energy” 
inductance type. 

The time taken for riveting (including time for drilling 
the holes) was 120 seconds, and that for putting in 21 welds 
was 39 seconds. The riveting produced severe distortion 
of the panel. 

Strips each containing two welds or two duralumin rivets 
side by side were cut from the panels and failing loads were 
determined for each test piece. 

The results which are given in Table XVII show that it 
is possible to make spot welds of greater strength in one third 
of the time necessary to drill holes and place an equivalent 
number of rivets. 


TABLE XVII 
Properties of Spot Welds and Equivalent Rivets Cut from Panels 
Failing Load (ibs.) 
Per Two Welds* Per Two Rivets 
(rivets to DTD. 327) 

840 840 
910 770 
940 770 
840 830 
860 860 
920 770 
850 730 
890 810 
910 830 
880 800 

Mean 884 801 


* Machine: D.C. Reactance type with recompression cycle. 
Surface preparation - Chromo-sulphuric acid pickle. 


Thus spot welding offers considerable advantages as 
regards strength and speed of production. It is possible 
also to produce spot welds which are of better consistency 
and greater strength than the equivalent rivets used. With 
the present spot welding technique, however, rivets are 
relatively stronger in tension than spot welds in the thicker 
gauge sheets and possess greater strength under fluctuating 
loads. 


9. An Investigation of the Strength of Groups of Spot 
Welds in Duralumin (B.S.S. 5L3) and Alclad (DTD. 390) 
Mechanical tests were made on groups of spot welds in 
duralumin (B.S.S. 5L3) to determine the relation of the 
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strength” to the strength of single spots. The 


* ode 
La? of cast metal of relatively low ductility at the 
Sane of a spot weld might be expected to prevent local 


deformation and consequently distribution of the applied 
joad between the spot. This factor would make the strength 
of a group of welds less than the summation of the separate 
strengths of each weld. Compared with spot welds, rivets 
are relatively free to deform locally. 

Six joints of each of the types shown in Fig. 12 were made 
and, of these, four from each group were tested. Specimens 
with the large numbers of welds were bolted to cover plates 
for testing, as otherwise failure would occur in the sheet at 
the supporting pins 

The detailed results, which are given in Tables XVIII and 
X [X, show that specimens with up to five rows of welds have 
strengths approximately equal to the sum of the strengths 
of individual spot welds. The ultimate shear stress calcu- 
lated from the sum of the areas of the individual welds is 
also in agreement with the shear stress obtained from single 
spot welds. 

it is interesting to note that in three of the four specimens 


_with five double rows of welds in 16 S.W.G. material, 


failure occurred by tearing of the sheet, while none of the 
specimens with six double rows failed in this manner. 

From the results of the investigation it appears that there 
is sufficient capacity for local deformation in a group of 
welds to distribute the applied load uniformly, and to give 
a failing strength which is approximately proportional to 
the number of spot welds composing the joint. At the 
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Fig. 12. Types of specimen used for the static shear testing of 
multiple spot welds 
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Fig. 13. Type of specimen used to determine the effect of spacing 
on the strength of single lap joints consisting of single and 
double (staggered) rows of welds or rivets 


same time it is not considered that the evidence from this 
series of tests is sufficient to determine the behaviour of 
joints containing groups of spot welds under service 
conditions. 

Further tests were made to determine the effect of pitch 
on the behaviour of single lap joints consisting of single 
and double (staggeréd) rows of welds. The tests were made 
in five thicknesses (16, 18, 20, 22 and 24 S.W.G.) of Alclad 
sheets to DTD. 390, and for the single rows of weld 
pitches of | in, } in. and 4 in. were used, and for double 
rows # in. and 4 in. For comparison parallel tests were 
made on similar riveted joints. The character of the 
specimens and the method of testing are indicated in Fig. 13 
and the results are given in Tables XX and XXI. 

The results show that as the pitch decreases there is 
a general tendency towards a reduction in the load per 
spot weld (Table XXII), while staggering the welds produces 
an increase in the load per spot weld. 

Arising from these tests it was decided to investigate fully 
the effect of edge distance and weld spacing upon the strength 
of a weld. These investigations are reported in Section 10. 


10. Effect of Weld Spacing and Edge Distance on the Static 
Shear Strength of Spot Welds in Alclad (DTD. 390) 


(a) Effects of Variation in Weld Spacing 


Two separate investigations (indicated as A and B) have 
been carried out on joints between sheets of similar gauge 
Alclad to DTD. 390. In each case A.C. transformer type 
machines were used; details of welding conditions are, 
however, only available for investigation A. The machine 
settings for the various gauges welded were as shown in 
Table XXIII. 

In investigation A single weld lap joint test specimens 
were cut from panels, in each of which the joint had been 
welded at the appropriate uniform pitch in a separate run. 
In B all the welds were made in a single run, the pitch 
being altered after every six welds; where the pitch was 
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TABLE XVIII 
Static Shear Tests on Multiple Spot Welds in 20 S.W.G. Duralumin (B.S.S. 5L3) 


No. of Failing Mean Load | Nominal No. of Failing Mean Load | Nomina 
Ref. Spots per Load per Weld Stress Ref. Spots per Load per Weld Stress 
Line (Ibs.) (Ibs.) tons/sq. in. Line (ibs.) (Ibs.) tons/sq. in 
SINGLE LINE OF WELDS (Group A) DOUBLE LINE OF WELDS (Group B) 
MEIA 502 502 11.5 MEIG 923 462 10.4 
1B 455| 449) 455| 449 | 10.8| 11.6 1H 885 | 808 | 442( 404 | 10.1 | 10.15 
1E 482 482 11.2 IL 830 415 10.2 
IF 357 357 12.9 1M 595 298 9.9 
ME2A 1150 575 12.2 ME2G 1895 474 11.4 
2B 2 990 | 1004 | 495 | 502 9.9 | 11.2 2H 2 1880 | 1840 | 470| 460 9.9 | 10.7 
2E 930 465 12.2 2L 1875 469 10.6 
2F 945 473 10.6 ) 2M 1710 428 11.0 
ME3A 1580 527 12.2 ME3G 3060 510 11.4 
3B 3 1630 | 1488 | 543( 496 | 11.0[ 11.5 3H 3 3110 | 3045 | 518| 507 | 10.61 109 
3E 1555 518 11.4 3L 2880 480 9.9 
3F 1185 395 11.3 3M 3130 $22 11.6 
ME4A 1900 475 11.1 ME4G 3780 473 10.8 
4B 4 2040 | 1933 | S10( 483 | 11.7( 11.2 4H 4 3910 | 3833 | 4891479 | 10.7| 10.7 
4E 1955 489 11.0 4L 3740 468 10.5 
4F 1835 459 11.1 4M 3900 488 10.9 
MESA 2535 507 12.2 MESG 4720 472 10.8 
5B 5 2490 | 2488 | 298| 498 | 10.5[ 11.4 5H 5 4620 | 4720 | 462 | 472 9.4| 10.2 
SE 2380 478 10.7 5L 4640 464 9.6 
5F 2535 507 12.2 5M 4900 490 11.0 
ME6A 2750 458 11.7 } ME6G 4870 406 19.2* 
6B 6 2830 | 2749 | 472( 458 | 10.5| 10.5 6H 6 4870 | 4570 | 406 | 381 7.7 
6E 2765 461 9.5 6L 4340 362 8.4 
6F 2650 442 10.5 J 6M 4200 350 8.8 


* Nominal stress in sheet—weld did not shear. 


Otherwise failure occurred always by shearing of the welds. 


Machine : A.C. programme controlled. 


TABLE XIX 
Static Shear Tests on Multiple Spot Welds in 16 S.W.G. Duralumin (B.S.S. 5L3) 
No. of Failing Mean Load | Nominal No. of Failing Mean Load | Nominal 
Ref | Spots per Load per Weld Stress Ref. Spots per Load per Weld Stress 
| Line (Ibs.) (Ibs.) tons/sq. in. Line (Ibs.) (Ibs.) tons/sq. in. 
SINGLE LINE OF WELDS (Group A) DOUBLE -LINE OF WELDS (Group B) 

MFIA 1105 1105 13.6 MFIG 1835 918 12.0 

1B 1 980 | 1011 | 1011 | 13.0| 13.2 1H 1860 | 1796 | 930( 898 | 12.4| 11.8 

1E 975 975 13.5 IL 1700 850 11.2 

IF | 985 985 12.8 1M 1790 895 11.7 

MF2A 1535 768 11.5 MF2G 3200 800 11.0 
2 1520| 1570 | 760( 785 | 11.0 11.4 2H 2 3220 | 3160 | 805 | 791 11.5 | 11.2 

2E 1615 808 11.2 2L 3130 783 11.2 

2F 1610 805 11.9) 2M 3100 775 11.0 
MF3A 2900 967 12.5 MF3G 5310 885 11.0 

3B 3 2900 | 2875 | 967( 958 | 12.9| 12.5 3H 3 5300 | 5307 | 883 | 884 | 11:2| 11.3 

3E 2810 937 12.1 3L 5270 878 11.5 

3F 2890 } 963 12.5 3M 5350 892 11.5 
MF4A 3880 970 11.9 MF4G 7030 879 11.0 

4B a 3540 | 3580 | 885 (896 | 11.0| 11.2 4H 7110 | 6890 | 862 | 11.1 [11.0 

4E 3750 938 11.5 4L 6350 816 | 10.8 

4F 3160 790 10.5 ) 4M 6900 863) 10.9 
MFSA 4780 ) od 11.3 MF5G 8330 833 18.3° 

5 5 4550 | 4720} 910( 944 | 10.81 10.8 5H 5 8340 | 8470 | 834 | 847 9.8 

SE 4900 980 10.3 SL 8570 857 19.1* 

SF 4640 928 10.6 5M 8640 864 19.2* 
MF6A 5280 880 10.4 MF6G sono | 740 9.2 

6B 6 5230 | 5330 | 872( 888 | 10.9| 10.9 6H 6 8840 | 8670 | 737 | 723 9.0 | 9.1 

6E 5 5240 873 10.6 6L 8600 717 9.1 

6F 5560 927 11.7 6M 8360 697 8.2 
* Nominal stress in sheet—welds did not shear Otherwise failure occurred always by shearing of the welds. Machine : A.C. programme controlled. 
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TABLE XX 


any Shear Tests on Single and Double Rows of Spot Welds (Alclad DTD. 390° 
DMinal 
/ SQ. in, é Thickness Pitch No. of Failing Load per Actual Remarks 
S.W.G. (in.) Welds Load (Ibs.) | Spot (Ibs) Ps/t 
Single row | 
(0.068 in.) 1 9 7,000 778 11,450 | All sheared. 
10.15 | ! 9 7,340 816 12,000 All sheared. 
iy i 12 9,970 832 12,260 All sheared. 
[ i 12 10,350 864 12,720 All sheared. 
—_| 4 18 13,200 734 10,800 5 sheared, 13 plate torn across weld. 
: 4 18 12,200 679 9,980 6 sheared, 11 plate torn across weld, 
10.7 i 1 pulled out of sheet. 
16 Staggered 
12 10,450 871 12,820 All sheared. 
2 i 12 10,350 863 12,700 All sheared. 
10.9 ‘ 4 18 16,300 905 13,300 All sheared. 
i 4 18 15,750 875 12,880 16 sheared, 2 pulled out of sheet. 
| & Single row 
10.7 { (0.051 in.) 1 9 6,560 730 14,320 All sheared. 
= 5 1 9 6,840 760 14,900 All sheared. 
" } 12 7,610 635 12,460 8 sheared, 4 pulled out of sheet. 
} 12 7,430 620 12,170 6 sheared, 6 pulled out of sheet. 
3 $ 18 9,500 527 10,380 3 sheared, 15 pulled out of sheet. 
10.2 Fa . 18 9,750 542 10,650 3 sheared, 15 pulled out of sheet. 
4 18 Staggered 
Sietenasd 7] 12 9,280 774 15,200 10 sheared, 2 pulled out of sheet. 
i 12 9,170 765 15,000 8 sheared, 4 pulled out of sheet. 
4 18 12,580 698 13,700 6 sheared, 12 pulled out of sheet. 
4 18 11,880 660 12,940 8 sheared, 10 pulled out of sheet. 
a Single row 
5 (0.039 in.) 1 9 5,005 556 14,250 All sheared. 
3 1 4 5,000 556 14,250 All sheared. * 
i i 12 6,225 519 13,300 All sheared. 
; 12 6,100 508 13,040 All sheared. 
- 18 8,730 485 12.430 11 sheared, 7 pulled out of sheet. 
4 18 8,330 477 12.240 13 sheared, 5 pulled out of sheet. 
inal 20 Staggered 
$s “ 12 6,340 §28 13,520 All sheared. 
1. in 12 6,240 520 13,340 All sheared. 
; 18 9,150 517 13°250 All sheared. 
: 4 18 9,145 517 13,250 17 sheared, | pulled out of sheet. 
22 Single row 
; (0.030 in.) 1 4 3,650 407 13,580 All sheared. 
18 9 3,350 375 12'430 | 8 sheared, 1 pulled out of sheet. 
4 i 12 4,730 395 13,160 All sheared. 
if j 12 4,895 407 13,580 All sheared. 
= : ; 18 6,890 383 12.780 17 sheared, | pulled out of sheet. 
12 18 6,820 379 12,630 All sheared. 
22 Staggered 
— i i 12 4,540 378 12,600 All sheared. 
; 12 4,960 413 13,770. 11 sheared, | pulled out of sheet. 
13 4 18 6,530 369 12,300 17 sheared, | pulled out of sheet. 
f 4 18 6,895 390 13,000 13 sheared, 5 pulled out of sheet. 
24 Single row 
(0.024 in.) 1 9 2,880 320 13,350 1 sheared, 7 pulled out of sheet 
0 I 9 2,970 330 13,750 All pulled out of sheet 
} 12 3,775 315 13,130 All pulled out of sheet. 
; 12 3,580 299 12,470 All pulled out of sheet. 
a 4 18 5,135 285 11,890 1 sheared, 17 pulled out of sheet. 
4 18 5,400 . 298 12,420 All pulled out of sheet. 
24 Staggered 
4 ? 12 3,920 327 13,640 All pulled out of sheet 
<i : ; 12 3,470 289 12.050 All pulled out of sheet. 
: j 18 5,205 289 12.050 All pulled out of sheet 
t 4 18 5,345 297 12,380 All pulled out of sheet 
Machine : A.C. programme controlled, 


BER 1943 


SPOT WELDING LIGHT ALLOYS 


585-s 
9 


TABLE XxI 
Shear Tests on Single Rows of Rivets 
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Material Pitch | No. of | Failing Load | Load per 
in. | Rivets | Ibs. | Rivet 
| 
20 S.W.G. sheet 1 | 9 | 4540 | 504 
(0.039 in., Alclad I 9 | 4420 492 
DTD 390) 2 | oe | 
eae 6300 524 
4 | 18 | 9050 | $03 
8330 | 463 
22S.W.G.shet | 1 | 9 2520 280 
(0.030 in., Alclad | 1 | = 9 2210 24s 
Rivets: in.dia. | | 12 | 2965 | 247 
countersunk 4675 260 
To B.S.S. 2L37 | ¢ | 8 | 4660 289 
TABLE 
Reduction in Load per Spot Weld with Decreasing Pitch 
Thickness of Decrease in Pitch % Reduction in 
Alclad Material (in.) Load per Spot 
S.W.G. 
16 | 21 
18 Ito 4 31 
20 13 
22 lto 4 3 
24 | to} 9 
TABLE XXIll 
Machine Settings 
Current | Pressure | Time 
Thickness of (amps.) (Ibs.) | (cycles) 
Material 
S.W.G. Post Post 
Weld | Heat | Weld | Upset | Weld | Heat 
16 | 29,000 | 9,500 | 800 | 1,600, 9 | 18 
20 25,000 | 8,200 | 600 | 1,200 6 12 
22 | 23,000 | 7,560 | 500 | 1,000 5 10 


“ Upset ’’ pressure applied after 3 cycles of welding current 


? in. or less, the specimens were cut and tested with two 
welds in each, the line joining them being transverse to the 
line of pull. With the narrow specimens failure often 
occurred in the plate away from the weld, indicating that 
the specimens tested were not of sufficient width. In Fig. 14 
the average failing loads have been plotted against pitch for 
both investigations. The following general conclusions may 
be drawn : 


(i) Below a certain minimum pitch for a given gauge 
the full strength of the weld will not be developed 
as the sheet will tear. This occurred with both 
single and double weld specimens, although the 
full width of specimen consistent with the pitch 
was used. This minimum pitch increases with the 
gauge of the sheet (Fig. 14). 


(ii) The strength per weld increases with increasing pitch 
up to a limiting pitch value, which increases with 
the gauge. Above this pitch for any one gauge the 
weld strength tends to remain constant. 


Fig. 15 shows the relation between thickness of sheet and 
pitch for tearing of sheet to occur, and for the limiting pitch 
above which the strength per weld does not increase. 
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Fig. 14. Effect of weld spacing variation on static shear strength 


(b) Effects of Variation in Edge Distance 


Investigations A and B were extended to include tests on 
the effect of edge distance on the strength of spot welds. 

The specimens were single spot lap joints cut from joints 
made with 1} in. overlap in a single run for each gauge 
and edge distance. Curves of average strength against 
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edge distance have been plotted and are given in Fig. 16. 
The results obtained from A are rather inconclusive, but 
the following conclusions have been drawn from investi- 

gation B: 
(i) The average strength in all gauges tends to increase 
with edge distance to a maximum value at an 


edge distance of from # in. to } in. For a greater 
edge distances there is a tendency for the strength 
to fall, particularly in the thicker gauges. 


(ii) The scatter of individual results is a minimum for 
edge distances between # in. and } in. 


(iii) The variations are more marked in the thicker gauges. 


In general, it seems that satisfactory welds can be made 
at edge distances as low as 4 in. in 24 S.W.G. sheet, but 
as the gauge thickness increases it becomes necessary to 
increase the edge distance. 


(c) Effects of Variation in Welding Procedure 


Two tests have been carried out on the effect of welding 
procedure, using joints between dissimilar thicknesses of 
duralumin sheet, 14 and 18 S.W.G. (B.S.S. 5L3), welded 
by a reactance type “stored energy”’’ machine. In the 
first, double row staggered lap joints with a weld pitch 
of 1 in., an overlap of 14 in. and distance between rows 
of } in., were made in two ways: 


(i) By welding first one complete row and then the 
second, both rows being welded in the same 
direction ; and 

(ii) By welding along the row in a zig-zag manner, welding 
one spot in the first row, then one in the second, 
and so on. 
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Fig. 16. Effect of edge distance variation on static shear strength 
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Single weld test pieces were cut from each joint, and 
marked to distinguish between welds made in the first and 
second rows. The results are given in Table XXIV, and 
these indicate that the zig-zag method of welding gives 
generally higher strength. The lowest strengths were given 
by the welds of the second row of the joint made by 
method (i). 

When welding by method (i) there are a greater number 
of welds within a given radius of a weld in the second row 
than when using method (ii), so that there will probably be 
an increased shunt effect with the former method, resulting 
in weaker welds. 

In the second investigation, comparison was made between 
the welds of single row lap joints in 14-18 S.W.G. duralumin 
sheets (B.S.S. 5L3) and double row staggered weld lap joints 
with various pitches. The overlap was 1} in. in both cases, 
and the distance between rows of the double row joints 
was jin. The average failing loads of single weld test pieces 
cut from these joints are shown for various pitches in Fig. 17. 
The welds of the double row joint are the weaker, particu- 
larly for the smaller pitches. This is attributed to the 
increased shunt effect in the double row joint, the effect 
diminishing as the pitch is increased. 

In conclusion, these tests show that the strength of 
individual welds in a double row “ staggered” joint is 
greatest when welding by the zig-zag method, but may be 
less than that of individual welds in a single row joint, 
depending on the pitch and the distance between the rows. 


TABLE XXIV 
Effect of Welding Precedure on the Strength of Individual 
Spot Welds 
} 
Weld Strength (ibs./spot) 
Procedure 
Position of Welds 
ist Row | 2nd Row 

Method (i) 600 470 

610 | 510 

600 | 510 

560 520 

650 510 

580 490 

540 450 

570 460 

580 460 

570 460 

Average 586 493 

Method (ii) 630 | 540 
Zig-zag method 630 630 
640 630 

610 590 

560 560 

590 } 560 

610 590 

640 610 

650 610 

590 630 

Average 615 | 595 

Machine: D.C. Reactance type with recompression cycle. Welding pressure, 
420 ibs. Recompression pressure, 1,500 Ibs 


Surface preparation : Chromo-sulphuric acid pickle. 
Electrodes : Hard electrolytic copper, 3/16 in. “ flat" diameter 


Stress Distribution in Spot Welded Joints 


11. Photo-Elastic Investigations 


The object of this investigation was to determine the 
distribution of stress in a spot weld by the photo-elastic 
method. Only one previous investigation on stress distri- 
bution in spot welds appears to have been made.* A detailed 
account of a part of the investigation of the Sub-Committee 
has already been published.‘ 

The specimens represented sections made normal to the 


587 


1200 
4 
16. SWG 
is on 
ds. BOO 
omnts 
auge x 
aAinst 18.SwG. 
e e 
20.SWG. 
@ 
e 22.SWwG. 
1 
* 
24.SWG. 
4 
| 
> 


SINGLE ROW JOINT 


os | 10} 1s] 2-0] 
WELD SPACING. INCHES. 


Fig. 17. Effect of variation in welding procedure on static shear 
strength 


plane of the sheet and through a spot weld. The separation 
ef the inner surfaces of the sheets is represented by means 
of a saw cut terminated by a small hole to ensure standard 
conditions from specimen to specimen. No account has 
been taken of the different metallurgical structures existing 
in a spot weld, or of any internal stresses present before 
testing, and the models must be regarded as “ ideal ” welds. 
The following variables were investigated : 


(a) be = of slot width to total width (1 : 16, 1: 32, 


: 64). 

(b) The ratio of weld diameter to total width (1 : 1.75, 
1: 1.50, 1: 1.33). 

(c) Dissimilar sheet thicknesses. 

In each case the following factors were determined : 

(a) The internal stresses along axes perpendicular and 
parallel to the surface of the specimen. 

(b) The edge stresses. 

(c) The concentration of stress in certain positions. 


It was generally concluded that there was a considerable 
concentration of stress along the centre line of the test piece, 
reaching a maximum at the base of the notch. Although 
the notch effect may have a considerable influence on 
fatigue strength, it is probably of little importance under 
conditions of static loading, since the distribution of stress 
is changed when the material is plastically deformed at the 
base of the notch. 

There is a considerable concentration of shear stress at 
the edges of the weld, the intensity decreasing to a very low 
value in the middle. For this reason it is considered that 
the material in the centre of the weld does not greatly 
influence its load carrying capacity. 


12. Effect on Shear Strength 
the Centre of Spot Welds 


Porosity in spot welds, so long as it is confined to a small 
area in the centre of the weld, is not considered to have any 
appreciable effect on the shear strength. The distribution 
of shear stress at low loads, as determined by the photo- 
elastic investigations mentioned in the previous Section, 
supported this theory, and an investigation was, therefore, 
undertaken to determine whether drilling a small quantity 
of material from the centre of a spot weld would appreciably 
affect the strength of the weld. The results showed that 
drilling out some of the material from the spot weld always 
reduced the failing load. A full account of this investigation 
has been published.‘ 


of Drilling Material out of 


13. Brittle Lacquer Investigations 


The work described in this section has been published as 
a separate report,* and consequently only a short summary 
need be given here. The method used involved painting 
the lacquer on the specimen, drying and applying a tensile 
load. A suitable lacquer cracks at right angles to the 
direction of principal tensile stress, and the number of 
crack-lines increases with the intensity of the stress. Suitable 
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lacquers must have good adhesion, high elastic modulys 
a very small elongation at fracture, and must not peel off 
until the material examined has been stressed above the 
elastic limit. Many lacquers were investigated and the 
best lacquer adopted for these tests was a special resin type 
lacquer which was sufficiently sensitive when dried at room 
temperature, and commenced to fracture at a strain of 
0.0015 in. per in. (corresponding to a stress of 6.7 tons 
per sq. in. in duralumin type alloys). 

No stress determinations were undertaken because of the 
low degree of accuracy obtainable. The method, however, 
gave the direction of principal stress with a high degree 
of accuracy. Various spot welded joints in 16 and 20 S.W.G. 
duralumin (B.S.S. 5L3) were investigated, as well as severa| 
joints in half-hard 2S aluminium. All the welded joints 
were anodised after welding to facilitate observation and 
photographic recording. The distribution of compression 
stresses was examined in some cases by means of the relaxed 
tension test, i.e., by first applying a tensile load to the 
specimen, lacquering, drying and then releasing the load. 
The results showed that joints in duralumin, consisting of 
a single row of spot welds parallel to the direction of loading, 
were characterised by frontal tension on the first weld and 
rear compression on the end weld. Intermediate welds all 
transmitted tensile stresses to a varying degree, depending 
on the percentage of full load applied to the specimens and 
their position in the joint. Stress crack patterns were more 
easily obtained in the half-hard aluminium specimens, and 
all the spot welds in the square pitched and staggered joints 
examined were characterised by rear compression and 
frontal tension. 

In this material the plastic range was reached in the area 
of frontal tension in all welds before failure occurred. 
With duralumin, however, this condition was not observed 
near the welds. 

These tests did not indicate any particular advantages 
to be gained by using “ staggered" joints instead of square 
pitched joints from the point of view of stress distributi 
alone. 


PART I 


Miscellaneous 


14. Effect of Adsorbed Moisture on the Porosity in Spot 
Welds in Aluminium Alloys 


Unsoundness is caused, in the casting of aluminium alloys, 
by the rapid reaction of molten aluminium with moisture 
to produce hydrogen which is soluble in the liquid and 
insoluble in the solid metal. It was considered that a 
similar reaction might be a cause of porosity in spot welds 
in aluminium alloys. 

Determinations were made of the moisture content of the 
surface film, and the results, a few of which are summarised 
in Table XXV, show that it increases with time of exposure 
to the atmosphere, and that it is proportional to the true 
surface area of the sample, i.e., a roughened surface adsorbs 
more moisture than a smooth surface. 

It was further observed that the Amount of moisture 
adsorbed by the surface film is proportional to the relative 
humidity of the atmosphere, and is greater in alloys 
containing magnesium and other elements. This moisture 
can be removed by heating to 250° C. for a short time, 
but it is recovered after further exposure. 

Surfaces prepared by paste etching adsorbed the greatest 
amount of water. 

In the second part of the investigation, samples with 
surfaces prepared by paste etching were exposed to two 
atmospheres with high and low relative humidities respec- 
tively (i.e., 100 per cent. and less than 20 per cent.), and a 
series of welds was made with a “ stored energy *’ machine, 
using a constant pressure cycle. Radiographic examination 
revealed unsoundness in those welds made from sheets 
which had been exposed to atmospheres of high relative 
humidity. The results of microscopic examination, which 
are given in Table XXVI, confirm the evidence of radio- 
graphic examination that porosity and cracking are present 
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TABLE XXV 
Determination of Absorbed Moisture at the Surfaces of Light Alloy Sheet 


Moisture Extracted 


(grams) 


Surface 

Area of Wt./100 
Sample sq. cms. of | 

(sq. cms.) 


Vol. 
sq. cms. 
at N.T.P. 


100 


(ccs.) 


| Wt. of 
Expt. Material * Summary of Pre-treatment Sample 
No. (grams) 
128 SP. Al Exposed 24 hours at 100°, R.H.t 4.36 
133 MGS5 | Exposed 20 hours at 100% R.H. 1.31 
151 Dural | Exposed 24 hours at 100% R.H. .. ne a 1.18 
134 SP. Al | — 20 hours at 100° R.H.:; 3 hours at low 
135 SP. Al Exposed 24 hours at 100% R.H.; preheated 
320° C. and cooled 5.15 
145 MG5 Exposed 97 hours at 100% R. H. , 20 hours at 
| lowR.H. .. 1.96 
147 MGS5 he vw 8 hours at 100% R. H.; - 23 hours at low 
H 1.61 
152 Dural | Exposed 24 hours in contact with water .. sl 1.19 
153 Dural Exposed 24 hours in contact with water .. : 1.08 
158 Dural | Exposed 28 hours in contact with water ; 20 hours | 
| at low R.H. 1.21 
159 Dural | Exposed 24 hours in contact with water ; 24 hours | 
| at low R.H. 1.23 
183 SP. Al Exposed 24 hours at "109% RH. s preheated at 
200° C. 5.79 
184 SP. Al | Exposed 24 hours at 100% R.H. ; preheated at | 
110° C. ; 5.51 


- 
| surtace 


11,09 0.00022 
7.0 0.00023 
6.05 | 0.00199 

13.02 | 

| 12.8 | 0.00003 
8.33 | 0.00043 

| 6.94 0.00035 

| 6.05 0.00384 

| 5.52 | 0.00384 
6.05 | 0.00162 
6.18 | 0.00091 
14.15 | Nil 
13.58 | Nil 


0.27 
0.29 
2.47 
0.04 
0.04 


0.53 


* SP.Al = Super-Purity Aluminium. 


MGS = AI-Mg Alloy (5% 


Mg). 


TABLE XXVI 
Microscopic Examination of Welds in Sheets Exposed to Different Atmospheres 


Dural = Duralumin B.S.S. 5L3. 


= Relative humidity. 


| 


7 MGS 20 
8 D. 2 20 


| 


Exposed to normal atmosphere for 24 hours. 


Exposed to normal atmosphere for 24 hours. | 


| 


| Few visible 
0.005 
More than 0.001 to 
Spec. 7 , 0.005 


| Approx. Approx. | 
Spec. | Material* | S.W.G. Treatment after etching and before welding No. of Dia. of Cracks 
No. Pores Pores | Present 
| (in.) 
1 Alclad 20 | Exposed 24 hours at 100% humidity | Sor 6 per weld | 0.005 to | Very slight in 
Q.02 weld 
2 Alclad 20 Preheated to 300°C., stored 24 hours at low 5 or 6 per weld 0.002 to Severe in weld 
| humidity. | 0.005 | 
3 Dural | 16 Exposed 24 hours at 100% humidity. More than 0.002 to | Severe in weld 
/ | 6 per weld 0.03 
4 Dural | 16 | Preheated to 300°C., stored 24 hours at low | Very few visible 0.001 to | Severe in weld 
humidity. | 0.005 | 
5 Dural 16 Stored 144 hours at low humidity. More than Spec.| 0.001 to | 
4 but less than 0.01 
Spec. 3 | 
6 Dural | 16 | Exposed to normal atmosphere for 24 hours. 5 or 6 per weld | Slight in weld 


Slight in weld 
but 
sheet near weld 


some in 


appreciable extent. 


are still present. 


until they are welded. 


* Alclad = Aluminium coaied alloy to DTD. 390. Dural = Duralumin,B.S.S. 5L3. 


in duralumin welds made at 100 per cent. humidity, but 
not present in welds in Alclad, MGS or D2 to any 


From these results it is concluded that adsorbed moisture 
may cause porosity in the centre of spot welds where fusion 
has taken place. However, 
shear stress, unsoundness at the weld centre probably does 
not appreciably reduce the strength of the weld. The 
application of a high electrode pressure immediately after 
welding closes up the pores, but it is doubtful if there is 
any actual. welding (such as by recrystallisation and grain 
growth) during this part of the cycle, and the discontinuities 


due to the distribution of 


In practice, unsoundness arising from adsorbed moisture 
may be avoided by heating the materials to about 100° C. 
and then storing in an atmosphere of low relative humidity 
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MGS = Al-Mg 


alloy (5% 


D.2 = 


Mg). 


99.7 per cent. Purity Aluminium 


As most of the investigations had been carried out on 
aluminium alloys, it was decided to determine the properties 
of spot welds made in commercially pure aluminium, samples 


of which had the following properties : 


Al-Mg alloy (1—3% 


Mg). 


15. Determination of the Properties of Spot Welds in 


Thickness of Material 


| 


16 S.W.G. 


Maximum Stress 
0.1% Proof Stress 


9.57 tons/sq. if. 


. | 5.73 tons/sq. in. 


tons sq. in. 


Specimens were made from 16 and 20 S.W.G. material by 
welding 48 spots at } in. pitch on sheets of each thickness, 


overlapped | in. 
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The welds were made with an A.C. transformer machine, 


using 2 in. diameter domed electrodes and machine settings 
as in Table XXVII. 


TABLE XXVII 
Machine Settings for Welding Aluminium of 99.7 per cent. Purity 
Thickness of Material 16 S.W.G. 20 S.W.G. 
Current (amps.) 2a 30,100 | 20,300 
Pressure (Ibs.) .. 480 350 
Time (cycles) 9 3 


All sheets were cleaned locally in the region of the welds 
with grade | emery paper. 


(a) Micro-Examination 


Micro-examination showed that the structure was coarsely 
columnar, the dendrites radiating from the interface. In 
some cases there was a narrow plane of material with fine 
grain size which was enclosed by the coarse general structure. 
Radiographic examination did not reveal any internal cracks 
and the welds were also satisfactory with regard to indentation. 

The welds in 20 S.W.G. material were only slightly smaller 
than those in 16 S.W.G. material, but they are small compared 
with welds in heat treated alloys. 


(6) Static Shear Tests 


Tables XXVIII and XXIX summarise the results of static 
shear tests carried out on welds cut from the sheets containing 
48 welds. Single spot weld specimens made separately from 
16 S.W.G., but with the same machine settings, give failing 
loads of the order of 340 Ibs., which are considerably higher 
than those in Table XXVIII. This indicates that the shunt 
effect has a considerable influence on the shear strength of 


spot welds. Increasing the pitch would probably reduce 
the shunt effect and increase the shear strength of the welds. 
TABLE XXVIII 
Static Shear Tests on Sp°' “Velds in 16 S.W.G. Aluminium 
No. Failing Load Weld Diameter Shear Stress 
(Ibs.) (in.) Tons/sq. in. 
1 226 0.280 2.36 
2 260 0.210 3.36 
3 242 0.180 4.25 
5 256 0.205 3.46 
4 234 0.200 3.22 
8 226 0.180 3.95 
10 | 218 0.177 3.94 
= 249 0.190 3.92 
14 203 0.165 4.17 
15 210 0.170 4.12 
| 218 0.180 3.81 
<4 200 0.165 4.17 
28 213 0.165 4.44 
ae 208 0.157 4.76 
40 | 212 0.165 4.43 
44 228 0.174 4.32 
Mean* | 224 0.185 


* Load variation = +16% 


All failed in shear. 


Ps/t (nominal) = 3,500. 


(c) Fatigue Tests 


A fatigue investigation was carried out on single spot 
weld specimens cut from the seam, using a load cycle of 
P (1 +1/2), where P is the mean load. The results are 
given in Tables XXX and XXXI. 

The mode of failure of some of the test pieces subjected 
to fatigue was different from that which is normal for the 
higher strength alloys of aluminium. This form of failure, 
i.e., by shearing or pulling out of the weld rather than by 
cracking of the plate, may be due to (i) the absence of 
a hardness gradient from the fused material to the parent 
sheet, (ii) the small diameter, of the welds relative to the 


TABLE XXIX 
Static Shear Tests on Spot Welds in 20 S.W.G. Aluminium 
No. Failing Load | Weld Dia | Shear Stress 
(ibs.) (in.) Tons/sq. in, 
1 189 0.173 3.58 
2 188 0.173 3,56 
3 190 0.177 3.44 
5 196 0.157 4.47 
7 195 0.180 3.42 
8 195 0.177 3.53 
10 201 0.185 3.33 
12 188 0.170 3.69 
14 202 0.165 4.20 
15 192 0.177 3.48 
17 210 0.165 4.36 
28 194 0.157 4.45 
32 200 0.157 4.57 
40 194 0.157 4.45 
aa 202 0.157 4.62 
Mean* 195 0.168 
* Load variation = +7.7% —3.6% Ps/t (nominal) = 5,400. 


All failed in shear. 
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TABLE XXX 
Fatigue Tests on Spot Welds in 16 S.W.G. Aluminium 
No. | “P” (Ibs.) Endurance Failure 
| Cycles x 10-* 
4 40 3.364 Weld sheared 
18 | 38 8.528 Plate cracked 
6 36 4.604 Weld sheared 
13 35 29.876 Not broken 
1 34 27.935 Not broken 
9 | 30 | 26.254 Weld sheared 
Fatigue limit (Pf) = 35 Ibs. 
Fatigue Pf 35 
Shear Ps, ~ ~ 
TABLE XXXI 
Fatigue Tests on Spot Welds in 20 S.W.G. Aluminium 
No. “P” (Ibs.) Endurance Failure 
Cycles x 10°* 
6 40 0.118 Weld pulled out 
9 36 0.477 Weld pulled out 
13 34 2.993 Weld pulled out 
18 33 4.771 Plate cracked 
32 Not broken 


Fatigue limit (Pf) = 32 Ibs. 
Fatigue _ 32 
Shear Ps 


thickness of the sheets, especially in the 16 S.W.G. specimens. 
or (iii) the low strength of pure aluminium in the “ as cast 
condition. 


16. Effect of Subsequent Heat Treatment on the Strength 
of Spot Welds in Duralumin (B.S.S. 5L3) made by a 
Reactance Type ‘*‘ Stored Energy ” Machine 


The effect of various heat treatments on the strength of 
spot welds made by a reactance type D.C. machine in 
20 S.W.G. duralumin type alloy, was investigated. Three 
groups of specimens were heat treated as follows : 


(a) Annealed at 350° C. for one hour. 
(b) Quenched and aged at room temperature. 
(c) Quenched and aged at 165°C. for 16 hours. 
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Comparison with the results from “ as welded ” specimens 
(see Table XXXII) shows that high temperature annealing 
reduces the strength of the spot welds. The sirength is 
increased by quenching and ageing at room temperature. 
The results are in accordance with the general theoretical 
principles involved, and agree with the results of similar 
tests Which have been previously reported.? 


TABLE XXXII 


Effect of Heat Treatment on the Strength of Spot Welds 
made by a “Stored Energy” Machine 


| 
| 


As Received | (a) Annealed at 350° C. 
for 1 hour 
| | | 
Failing Load | Mean Failing Load Mean 
(Ibs.) (Ibs.) 
428 336 
430 358 
477 296 
466 | 457 334 325 
457 309 
489 314 
| 


(b) Quenched and Aged at 


(c) Quenched and Aged at 
Room Temperature 


165° C. for 16 hours 


Failing Load Mean Failing Load Mean 

(Ibs.) (Ibs.) 

549 631 

645 558 

615 560 

600 635 547 597 
703 | 598 

698 690 
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The Composition and Properties required by the Specifications referred to in this Report are given in the following Table 


Composition (%)* | Mechanical Propertiest 
Specification —— —| ‘Condition of Use — 
No. | | 0.1% Proof | Ultimate 
Stress | Tensile | Elong.% | Bend 
Cu.} Mn.| Mg.’ Si. | Fe. | Ti. | Ni. (tons/sq.in.)| Strength | on 2 in. Test 
| (tons /sq. in.) | 
SHEET AND STRIP 
| 
B.S.S. | 3.5-| 0.4-/0.4-| 0.7| | Solution treated and | Over 12ins., | 25 15 R=3T (180°) 
4.5 |0.7 |0.8 aged 5 days. 14.5 (Trans.)| 
I2ins. and | | 
under, 15.0 | 
(Long.) 
DTD. 275} | 3.5-| 0.3-| 0.8-| 0.5| 0.4) - | - | Solution treated and 16 26 | 15 
(now ob- | 4.8 | 1.5 18 aged 5 days. | | (for sheets 
solete) | thicker than 
| 0.104 in.) 
DTD. 390} | 3.5-| 0.3-| 0.6-| 0.7| 9.7| - | - | Solution treated and 15 | 25 15 T<0.104, 
5.0 | 1.2 | 1.8 aged 5 days. R=3T (180°) 
BARS FOR MACHINING AND EXTRUDED SECTIONS 
B.S.S. 5L1 3.5-| 0.4—| 0.4-| 0.7 | 0.3 - | Solution treated and | 15 25 15 | 
re- | 4.5 | 0.7 |0.7 aged. 
placed by | 
B.S.S. 6L1) 
WIRE AND RIVETS 
B.S.S. 2L37 | 3.5-| 0.4-| 0.4-| 0.7 | 0.7 | 0.3} - | Soft. (Test figures 25 See Specifica- 
4.5 |0.7 |0.8 taken after solu- | | tion for de- 
| tion treatment and | tails of head 
} natural ageing). || forming or 
DTD. 327 | 1.5-|0.5 | 0.2-| 0.7 | 0.7 | 0.3 | 0.7 } Solution treated and 17 flanging 
3.0 — aged 5 days. | tests. 
* Single figures show maximum content. Remainder aluminium in each case. R = Radius of bend. _ 
t Aluminium-clad sheet. Minimum aluminium content of coat 99.7%. T = Thickness of material. 
+ Single figures are the minimum requirements of the specification. 
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Mr. W.S. Simmie (Pressed Steel Co. Ltd.) for welding material, 
making riveted joints and for investigations on : 
(a) Torsion tests on spot welds (Item 4b), R.52/71. 
(b) Tension properties of riveted joints (Item 8b), R.52/95. 
(c) Spot weld and rivet shear strength consistency 
(Item 8d), R.52/89. 
(d) Production speed of riveting and spot welding 
(Item 8e), R.52/77; and 
(e) Effect of variation in welding procedure on static 
shear strength (Item 10d), R.52/102. 


Mr. R. F. Taytor (A. V. Roe & Co. Ltd.) for making spot 
welded joints and for the following investigations : 

(a) Tests on spot welds in material with various surface 
treatments (Item 3b), R.52/12. 

(b) Tension properties of spot welded joints (Item 8b), 
R.52/82. 

(c) Strength of groups of spot welds in Alclad (Item 9), 
R.52/81. 

(d) Effect of weld spacing and edge distance on static 
shear strength of spot welds in Alclad (Item 10), 
R.52/100 ; and 

(e) Static shear strength of spot welds in 99.7 per cent. 
purity aluminium (Item 15b), R.52/53. 


Mr. R. F. TyLecore for investigations on : 
(a) Contact resistance (Item la, b), R.52/72. 


(c) Compression tests on spot welds in shear (Item 4a) 
R.52/87. 
(d) Stress distribution in spot welded joints by : 
(i) Photo-elastic methods (Item 11), R.52/5| - 
(ii) — lacquer process (Item 13), R.52/107: 
an 
(e) Effect on shear strength of drilling material out of 
centre of spot welds (Item 12), R.52/97. 


Dr. E.G. West for the investigation on the effect of adsorbed 
moisture on the porosity in welds in aluminium alloys 
(Item 14), R.52/88; and 


Mr. J. A. Dorrat (Metropolitan-Vickers Electrical Co. Ltd.) 
for making spot welded joints required in many of the 
investigations. 
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There is some data to indicate that fatigue strength ee 
of an etched surface on a rotating bar fatigue specimen eth in 
is lower than the fatigue strength of a specimen with the stations 
usual smooth machine finish. While this is true, it ion 
does not follow that the fatigue strength of alclad sheet pe of 
is lowered by the etched surface resulting from chemical debe 
cleaning for spot welding. The resistance of alclad a0 
sheet to fatigue loading is different because of the low daitaida 
yield strength of the corrosion resistant coating on the are avs 
sheet. The results reported in Section 3a are un- Arc- 
doubtedly accurate for the testing conditions, but they esitiaete 


probably do not represent the conditions on chemically 
cleaned alclad sheet which is used on the major portion 
of spot-welded aircraft construction in the United States. 
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ELDING Research at Polytechnic Institute 
of Brooklyn is closely associated with the 
name of Professor Otto H. Henry. The 

limited welding facilities at the Institute do not offer the 

possibility for research on problems where special welding 
equipment is requisite; therefore, the welding research 
activities have been confined solely to the mechanical 
testing of welds under various conditions. In this re- 
spect, the research group has made valuable contribu- 
uons. 


Description of Research Facilities at Polytechnic 
Institute of Brooklyn 


The Welding Laboratory at the Institute was initiated 
for the purpose of familiarizing the young engineers 
with the possibilities and limitations of welding since it 
was felt that this science was to play a major role in the 
progress of the mechanical world. 

The oxyacetylene welding equipment comprises a 
permanent welding unit with six stations, each equipped 
with individual gas regulators. Gases are piped to the 
stations from central cylinders fitted with master regu- 
lators to control and maintain line pressure. Torches 
are of the light type having a capacity up to 1'/»-in. 
plate. Two cutting attachments for light cutting are 
available and can be connected to any of the six welding 
torches. Four portable welding and cutting outfits also 
are available. 

Are-welding equipment consists of two 200-amp. d.-c. 
motor-generator sets, one 250-amp. portable d.-c. motor- 


Our Research Laboratories 


Polytechnic Institute of Brooklyn 
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: 
Welding Laboratory—Arc-Welding Equipment 


generator set and one 250-amp. a.-c. transformer type 
welder. 

In contrast with the picture presented by the Welding 
Laboratory, the Materials Testing Laboratory is unusu- 
ally well equipped and comprises: 


1. A 100,000-Ib. and a 30,000-lb. capacity Riehle 
Universal testing machine. 

A Tinius Olsen pendulum type impact machine 
(125 ft.-lb. capacity) which may be easily con- 
verted into a tensile-impact machine. 

3. A600-ft.-lb. capacity Charpy type impact machine. 

4. Several types of fatigue testing machines. 

5. Equipment for determining the damping char- 

acteristics of welds. 

6. Hardness testing equipment. 

7. Several types of torsion testing machines. 


The materials testing laboratory is affiliated with the 
Metallurgy Division of the Mechanical Engineering De- 
partment whose modern facilities for microscopic, magna- 
flux and X-ray examination as well as for photography 
and heat treatment, are well fitted for a great variety of 
fundamental welding research. 

At present, the research activities at the Polytechnic 
Institute are focused on two problems: effect of peening 
and mechanical testing of plate obtained from all-welded 
ships that have recently failed in service. 
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Course. Published in 


7. “Tensile and Tensile Impactiil 
Tests of Stainless Steel Weldgil 
at Low Temperatures,” 
ing Research Supplement, :}2¢,-s 
to 328-s (September 1939). 


Arrangement of Apparatus for Conducting Tensile-Impact Tests at Different Temperatures 12. 


Short Biography of Otto H. Henry 


West Virginia University, B.S. in Mechanical Engi- 
neering, 1919, M.E., 1923; Polytechnic Institute of 
Brooklyn, M.M.E. 1936. 

Instructor Mech. Drawing for Sheet Metal Workers, 
1918; Instr. Steam and Experimental Engg., 1918-19; 
Instr. of Mech. Engg., Polytechnic Inst. of Brooklyn, 
1919-25, Assistant Prof. Mech. Engg., 1925-39; Associ- 
ate Prof. of Metallurgical Engg., 1939 to date. 


Socteties and Honors 


Member: A.S.M.E., A.S.M. and A.I.M.E., Fund. 
Research Committee of AMERICAN WELDING SOCIETY, 
Tau Beta Pi, Phi Lambda Upsilon, Sigma Xi. 

Prof. Henry has delivered more than 20 lectures on 
Welding Metallurgy before the N. Y. Chapter of A.W.S. 
and A.W.S.-A.S.M.E 


Publications 


1. “Static and Impact Tensile Properties of Some 
Welds at Ordinary and Low Temperatures,”’ pre- 
sented at Atlantic City, October 1937. THE 
WELDING JOURNAL, Research Suppl., February 
1938. 

“Impact Tests of Welds,” /bid., February 1938. 

“The Metallography of Welds,’’ presented before 
New York Chapter, AMERICAN WELDING So- 
cleTy. Lecture Course. Published in THE 
WELDING JOURNAL, April 1938. 

4. “Fatigue Tests of Welds at Elevated Tempera- 
tures."’ Co-author with A. Amatulli. Published 
in THE WELDING JOURNAL, Research Suppl., 
June 1938. 

5. ‘Tensile Impact Tests on Welds at Low Tempera- 
tures.’’ Published in THE WELDING JOURNAL, 
Research Suppl., August 1938. 

6. ‘“‘Testing the Physical Properties of Welds.” Co- 

author with G. E. Claussen, presented Jan. 24, 

1938, before New York Section Evening Lecture 


to 


13. 


16. 


17. 


8. “Tensile Tests of Arc Welded 
Monel Metal at Low Tempera- 


tures.’’ Co-author with J. 
Babakian. Jbid., 112-s (Fei. 
ruary 1941). 

9. “High Temperature Tensile 


Tests of Welded 18-8,” Jbid. 

135-s to 137-s (March 1941). 

10. Welding Metallurgy, book. Co 
author with G. E. Claussen 
Published November 1941 by 
A.W:S. 

ll. “The Effect on the Endurance 
Limit of Submerging Fatigue 
Specimens in a Cold Cham 
ber.”” Co-author with T. D. 
Coyne. Welding Research Sup- 
plement, 249-s to 254-s (May 
1942), 
“A Study of the Embrittling 


Effect of Zine Upon Stainless § 


Steel,” Jbid., Vol. VII (Jun 
1942). 

“The Effect on the Endurance Limit of Submerging 
Resistance Welded Fatigue Specimens in a Cold 
Chamber,”’ Jbid., Vol. VII, No. 6 (June 1942). 

‘Tensile Tests of Stainless Steel Welds at Low Tem- 
peratures,” [bid., 384-s to 386-s (August 1942). 

“The Effect on the Endurance Limit of Submerging 
Welded Fatigue Specimens in a Cold Chamber,” 
Ibid., 387-s to 388-s (August 1942). 

“The Tensile Impact Resistance of Carbon-Molyb- 
denum Welds at Elevated Temperatures.” Co 
author with Marcel A. Cordovi. 
420-s (September 1942). 

“An Investigation of the Static Notched Bar Be 
havior of Steel with Reference to Tri-Axial Stress 


and the Technical Cohesive Strength.’ Co- | 


author with James G. Farmer. Jbid., Vol. VIII, 
No. 4, 150-s to 162-s (April 1943). 

“Tensile Tests of Arc-Welded Nickel and Monel 
Metal at Low Temperatures.’’ Co-author with 
J. Martinez, Ibid., Vol. VIII, No. 6, 270-s to 
271-s (June 1943). 


Arrangement of Apparatus for Conducting Low-Temperature 
Fatigue Tests 
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WELDING JOURNAL, May 1939 
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Otto H. Henry 


“The Determination of the Effect of Various Types 
of Weld Metal on the Internal Damping Char- 
acteristics of Steel Specimens.’’ Co-author with 
R. R. Feitl and J. A. Falcon. Jbid., Vol. VIII, 
No. 6, 266-s to 269-s (June 1943) 

“The Effect on the Endurance Limit of Submerging 
Fatigue Specimens in a Cold Chamber.” Co- 
author with A. Stirba, Jr., Jbid., Vol. VIII, No. 8, 
372-s to 373-s (August 1943). 


Some of the Members of the Staff Interested in 
Welding Research 


W. H. Ruten, University of Michigan, B.Sc., M.A.; 


Reviews of Recent Foreign 
Welding Literature 


EDITORIAL Note—The Welding Research Council is un- 
able to obtain current foreign welding Literature and these 
abstracts are taken from the Welding Literature Review 
published by the Institute of Welding. 


INVESTIGATIONS ON THE INFLUENCE OF WELDING CoNn- 
DITIONS ON THE DISTRIBUTION OF THE STRENGTH OF 
ELECTRICALLY SPOT-WELDED SHEETS OF VARIOUS 
ALUMINIUM ALLoys. Zeitschrift fiir Metallkunde, vol. 
34, 1942, Aug., pp. 187-193. 

The authors have examined about 10,000 spot welds in 
various aluminum alloys made by different factories; 
the variations observed were great irrespective of the 
type of machine used, the prior surface treatment or the 
manufacturer. In general, however, an increase in cold 
work increases the mean strength of spot welds, but such 
welds generally show a low shear strength. (Adstracted 
in J. of Inst. of Metals, 1943, April, pp. 129+130.) 


HaRD SOLDERING UNDER Protective Gas. Metall und 
Erz, vol. 38, 1941, pp. 326-329; Chemical Abstracts, 
vol. 36, 1942, 6129. 

Two basic types of hard soldering are distinguished: 


. Saacke 


W. H. Ruten 


Instructor in Industrial Trades, Public Schools, Dear- 
born, Mich.; and Indianapolis, Ind.; Asst. Prof. Pract. 
Mechanics—University of Nebraska; Asst. Prof. in 
charge of Industr. Labs., Polytechnic Inst. of Brooklyn, 
1941 to date. 

F. C. Saacke, Cornell University, M.E., 1931; In- 
structor in Department of Machine Design, 1930-31. 
Research Engineer in welding materials and procedures. 
Apparatus Research and Development Department, Air 
Reduction Sales Co., 1931 to date. Instructor in Welding 
Theory, Delehanty Welding Institute, 1941-45.  In- 
structor in Welding and Design, Department of Metal- 
lurgy, Polytechnic Institute of Brooklyn, 1938 to date. 
Society Memberships—A.W.S., A.S.M., Phi Kappa Phi. 


(1) hard soldering with copper, and (2) hard soldering 
with zinc-bearing, relatively low-melting solders. By 
the use of protective gases in electrically heated furnaces 
it is possible to carry out soldering without a flux. By 
omission of flux and prevention of oxidation of the parts 
to be soldered, significant failures in hard soldering are 
avoided. Preparation of the work is so simple that it 
can be conducted by unskilled workers. Iron and steel 
parts are advantageously soldered with copper. As pro- 
tective gas, incompletely burned illuminating gas is suit- 
able. The lower-melting brasses, however, are soldered 
with silver solder. In the application of zinc-bearing al- 
loys care should be taken in the suitable disposal of the 
solder in the solder joint to prevent the melting point of 
the solder from being raised unfavorably high by zinc 
vaporization. In many cases incompletely burned il- 
luminating gas is sufficient protection if it has been sub- 
jected to thorough drying by silica gel or by intense cool- 
ing. In special cases cracked ammonia or incompletely 
burned and thoroughly dried ammonia are used. (Ab- 
stracted in J. of Inst. of Metals, 1943, p. 129.) 


THE CORROSION-RESISTANCE OF HARD-SOLDERED JOINTS 
IN PURE ALUMINUM. Autlogene Metalbearbeitung, vol. 
35, 1942, no. 5, pp. 69-72. 

Strips of pure aluminum sheet were soldered with 
aluminum-silicon alloy and immersed for periods up to 
(Continued on page 640-s) 
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Aluminum Brazing Sheet— 


Fundamentals of Metal Flow 


By Mike A. Millert 


Summary 


NUMBER of experiments have been carried out 
in order to determine the amount of metal which 
flows from the surface of aluminum brazing sheet, 

under various conditions, to form a joint. The per- 
centage of flow has been considered frem the standpoint 
of the process used, the type of joint, the flux, the type 
of brazing sheet, etc. These data have served as a basis 
for discussing several types of joints used with aluminum 
brazing sheet, as well as some applications of this in- 
teresting product. In addition, various other factors 
related to the brazing of aluminum alloys have been 
mentioned, the emphasis being on aluminum brazing 
sheet products. 


The Aluminum Brazing Process 


The term brazing has developed, during the past few 
years, into practically a household word. This common 
usage has not been because the art of brazing is new, but 
rather because of the importance of the brazing process 
to modern high-speed and economical jointing applica- 
tions. In fact, the brazing of such metals as steel and 
copper is a relatively old art. 

As late as 1936, one writer had said, in discussing 
electric furnace brazing, that ‘‘There seems at the 
moment to be no possibility of the application of this 
process to the joining of aluminum or its alloy owing to 
the existence and formation of a protective film of 
aluminum oxide on the surfaces which will be produced 
in all commercial controlled atmospheres and which pre- 
vents adhesion. Even if this could be overcome with a 
flux, there remain to be found suitable high-strength 
alloys of comparatively low melting point.””! 

Actually, however, the aluminum brazing process had 
reached the commercial stage in America a few years 
later.2* In 1941, the brazing of aluminum and its alloys 
was at a sufficiently advanced stage to embrace aircraft 
and other important applications.*®® These applica- 
tions were at least partially the result of fundamental 
research on the behavior of molten brazing alloys in 
various aluminum alloy environments’* and the ap- 
plication of the experimental results to practice.2* We 
have summarized in Fig. 1 the aluminum brazing process 
in the form of a flow sheet, in order that the complete 
procedures can be visualized at a glance. 

As previously pointed out,’ there are three pro- 
cedures which have shown the widest applicability for 
brazing the aluminum alloys. These procedures are 
torch brazing, furnace brazing and flux dip brazing. 
A fourth process, metal dip brazing, is still in the ex- 
perimental stages. 


* Presented at the Annual Meeting, A.W.S., Chicago, IIl., Oct. 18 to 21, 1943. 
Process Metallurgy Division, Aluminum Research Labs., Aluminum Com- 
pany of America, New Kensington, Pa. 


At the present stage of the aluminum brazing art, 


it is possible to join several of the standard alloys by] 


this procedure; the maximum brazing temperatures have 
been previously published.** In order to join these 
aluminum alloys by means of the brazing process, it is 
necessary to employ special aluminum brazing fluxes 
which adequately remove the tenacious oxide film from 
aluminum alloy surfaces.* 

The proper preplacement of the brazing alloy, in 
respect to the joint to be made, is of great importance. 
This follows from the fact that the molten alloy must 
flow into the joint and alloy with the base metal. Only 
surface tension forces, which may be aided or hindered 
by gravity, determine the extent of flow and the fina! 
form taken by the alloy. In general, the alloy is placed 
in proximity to, or within, the joint, before, during or 
after assembly of the parts, in the form of wire, washers 
strips, etc. 
brazing material is that of providing a coating integrally 
bonded to the aluminum alloy core, and it is the purpose 
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Fig. 2—Cross Section of 0.030-In. As-Fabricated No. 1 Braz- 
ing Sheet Showing the Coating of Integrally Bonded Brazing - 
Alloy on One Surface. 100 x 


of this paper to discuss some of the properties of this 
interesting aluminum brazing sheet. 


Aluminum Brazing Sheet 


No processes of making joints by the use of duplex 
metal bodies have been used with the light metals until 
the advent of aluminum brazing sheet.*’° This ma- 
terial consists of an aluminum alloy core with a brazing 
alloy coating, on one or on both sides, metallurgically 
bonded to the core. Figures 2 and 3 are microsections 
through two forms of aluminum brazing sheet in the as- 
fabricated condition. 

Aluminum brazing sheet is a unique material. When 
properly heated above the melting point of the coating 
alloy and below the melting point of the core, in the 
presence of an appropriate flux, a portion of the coating 
melts and flows into the nearest capillary spaces. But, 
while in the molten state, the surface alloy may also 
diffuse into the core and thus be immobilized, or if the 
temperature is too high a certain amount of the core 


Fig. 4—Cross Section of a Line-Contact Brazed Joint of 0.007-In. No.2 Brazing Sheet. 50 X 


BRAZING ALUMINUM SHEET 


Fig. 3—Cross Section of 0.030-In. As-Fabricated No. 2 Brazing 
Sheet Showing the Coating of Integrally Bonded Brazing Alloy 
on Both Surfaces. 100 x 


material may dissolve in, and be carried along with, the 
brazing alloy. Some of the other interesting properties 
of this material are discussed in later sections. 

Where aluminum brazing sheet can be used, the ad- 
vantages are quite evident; no preplacement of brazing 
alloy in the form of wire rings, washers, etc., is necessary. 
It is possible for design considerations to take care of 
metal flow on and into the joint by recognizing that the 
filler material is already present over the surfaces. 
Capillarity insures that the molten or semi-molten 
coating flows to the required places providing that the 
brazing alloy surface is in substantial contact at a point 
or a line. 

Figures 4 and 5 are sections through joints made by 
using a line contact or a narrow area contact, and it can 
be seen that the molten coating will flow to those places 
which present a positive capillary environment. 


Flow of Metal with Brazing Sheet 


A complete discussion of a method of determining 
the surface tension, and hence the important capillary 


Fig. 5—Flow of Brazing Alloy from 0.040- 
In. No. X3 Brazing Sheet, Using 0.125-In. 
Draw, Brazed at 1145° F. with No. 53 Braz- 
ing Flux. 50 x 
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factors, of aluminum brazing alloys in contact with 
aluminum base alloys has been presented in a previous 
paper,’ and it is unnecessary to describe the procedures 
at this time. Suffice it to say that capillary phenomena 
also apply to aluminum brazing sheet except in so far as 
the amount of brazing alloy available for making a joint 
is limited by the temperature, the time, the coating 
thickness and the length of the flow path. If an un- 
limited amount of brazing alloy were available, then the 
situation in a joint, e.g., a fillet, would be substantially 
the same as if the brazing alloy were added as a wire 
or from a molten bath. 

There are some differences, however. Brazing alloy, 
in the form of a coating, will flow at a lower temperature 
than will the same alloy in the form of added filler ma- 
terial. This is partially explainable by the fact that the 
brazing alloy is already metallurgically bonded to one 
surface and partially by the fact that the solid phase 
of the coating, at any given temperature, acts as a 
capillary agent for the transfer of the liquid phase of the 
coating. If two brazing sheet surfaces are in contact, 
then flow is even more greatly facilitated, since it is only 
necessary for one fluid phase to wet a similar fluid 
phase. 

In order to study the flow of metal on aluminum 
brazing sheet, three types of joints, as shown in Fig. 6 
were investigated. The rum joint illustrates a condition 
where the metal flows downward, aided by both capil- 
larity and gravity; the draw joint is an example of a 
situation where the metal flows horizontally, aided only 
by capillarity; the anti-gravity joint is representative 
of an environment where the metal flows upward aided 
by capillarity and hindered by gravity. Joints of these 
three types were studied by using various lengths of time 
at the brazing temperature and by employing several 
lengths of flow paths. 

The volume of metal in the fillet was obtained by 
measuring the height and width of the fillet, microscop- 


ically. For the relatively small fillets used in this study, 
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less than 0.3 in. in height, the height and width of the 
fillet were substantially the same.’ The cross-sectional 
area of the fillet, an approximate triangle, has been 
shown”! to be given by the following equations, wher, 
A; is the area and y is the height of the fillet: 


Awe 


5 (1) 
The volume of the fillet, V;, is then: 
« 


9 (2) 


where u is the length of the fillet or width of flow patl 
and y has the same meaning as before. 
available brazing alloy, V., is, of course: 


Ve. = bpu (3) 
Where b is the brazing alloy coating thickness, p is th, 
length of path of flow of brazing alloy and w is the lengt} 


of the fillet or width of flow path. It follows that th 


percentage flow of available brazing alloy used to forn 
a fillet is: 


The volume oj 


100 V; _ 100y*u _ (4 
Ve 2bpu bp 

Using specimens such as shown in Fig. 6, and th 
equation for percentage flow of available brazing alloy 
to form the joint, we have obtained results typical oj 
those given in Table 1. These data were obtained by 
preparing furnace-brazed samples, using No. 53 Brazing 
Flux, with 0.040-in. thick No. 1 or No. 2 Brazing Sheet 
to 3S alloy in the form of T-joints. 


Table 1—Flow of Brazing Alloy with Brazing Sheet 


% Flow of Available 
Brazing Alloy to Form 


Type of Flow Fillet * 

Type of Brazing Path, 1 Min. at 3 Min. at 

Joint Sheet In. 1180° F. 1180° F 
Run No. 2 0.5 75 75 
Run No. 2 1.0 80 80 
Run No. 2 2.0 55 75 
Draw No. 1 0.5 120 230 
Draw No. 1 0.75 110 200 
Draw No. 1 1.0 115 145 
Anti-gravity No. 2 0.5 40 75 
Anti-gravity No. 2 1.0 35 20 
Anti-gravity No. 2 1.5 25 15 


* When the given percentage is greater than 100, base metal is 
being carried into the joint. 


In considering the results given in Table 1, we note 
that for run joints the percentage flow of available braz- 
ing alloy to form the fillet is about the same for times o/ 
1 and 3 min. at temperature, although the percentage 
flow is less for 2-in. run joints made in 1 min. It is also 
apparent that draw joints give a considerably greater 
amount of flow than do run joints, the amount being 
larger for a 3-min. period than for a l-min. period and 
decreasing with increasing flow path for the longer 
period of time. Values for percentage flow greater than 
100% indicate that base metal is being dissolved or 
otherwise carried into the joint. It is of interest to re- 
cord that in tests carried out under carefully controlled 
conditions, draw joints have always given a greater 
flow of metal than have run joints, even though gravity 
was aiding the latter. The explanation of this is that 
with a run joint, the molten brazing alloy runs down to 
form the fillet as soon as it is molten; with a draw joint, 
the molten brazing alloy has a chance to dissolve base 
metal as it flows more or less leisurely toward the fillet, 
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PERCENTAGE OF LIQUID PHASE BASED ON 


as is demonstrated by the great increase of flow with 
time for short flow paths. The amount of metal flowing 
to form the fillet in an anti-gravity joint is relatively 
small for short times and long paths. 

To illustrate the effect of temperature on the amount 
of flow, results of the type schematically illustrated in 
Fig. 7 have been obtained. The upper curve has been 
calculated from the known character of the brazing alloy, 
whereas the lower curve is based on experimental results 
from brazing tests with a 0.125-in. draw joint. We note 
first that at a certain temperature, 100% of the avail- 
able brazing alloy will flow to form the fillet. This is 
probably the point where the rate of dissolution of the 
core by the brazing alloy is equal to the rate of absorption 
of brazing alloy by the core. As the temperature rises 
above this point, the molten brazing alloy dissolves 
metal from the core, causing an increase in the amount 
of molten phase, until, at the melting point of the 
core, all of the brazing sheet would be molten, and if the 
core had a limitless thickness, the percentage of avail- 
able metal flowing to make the joint would be infinite. 

As the temperature is lowered from the point indicating 
100% flow, the curves diverge once more. This would 
be expected on the basis that (a) as the temperature is 
lowered, more and more of the molten phase is immo- 
bilized due to capillary entrapment in the increasing num- 
ber of solid particles and (6) the fluidity or fowability 
of the molten phase decreases. The temperature of 
100% flow is dependent on the composition and thickness 
of coating and of core, the particular flux used, the type 
of joint under consideration, the length of flow path 
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and the time at temperature. All of those factors must 
be fixed in order that this temperature be identified. 

Engineering experience has established that fillets 
are important. For example, in order to minimize 
fatigue failures at the joint, the fillet which joins one 
part to another should have a radius equal to or greater 
than the section thickness of the thinnest part. As 
suming that the throat of the fillet should be equal to the 
section thickness of the thinnest part, then simple 
calculations show that radius of curvature of the fillet 
should be equal to this thickness divided by 0.4. Using 
this requirement, let us imagine a brazed aluminum 
radiator consisting of 0.006 in. thick by 0.268-in. outside 
diameter aluminum alloy tubes, spaced 0.055 in. apart. 
and a tube sheet or header plate of 0.050-in. thick 
aluminum brazing sheet with a 10% thick coating of 
brazing alloy on one side. On the basis of our require- 
ments, the minimum radius of the fillet, i.e., the height 
or width of the fillet, which joins the tube to the tube 
sheet should be at least 0.015 in. in order that the strength 
be adequate, and this size of fillet must form on both 
sides of the tube sheet in order to prevent a sudden 
change in section and hence a stress concentration. 

It can be shown that the area of the tube sheet which 
is required to supply brazing alloy to each tube is equal 
to the area of a hexagon which has a distance of 0.323 in. 
across the flats; the area of such a hexagon is 0.09 sq. in. 
and the diameter of a circle which has this area is 0.339 
in. Accordingly, each tube will have available a volume 
of brazing alloy equal to that contained in a washer 
whose outside diameter is 0.339 in., whose inside di- 
ameter is 0.268 in. and whose thickness is 0.005 in. Ii 
this volume of brazing alloy draws up around each tube 
into a fillet having a radius of 0.015 in. then it is ap- 
parent that the ratio between the volume of the fillet 
and the volume of available brazing alloy is 0.6. In 
other words, 60% of the brazing alloy is required to 
flow to form the fillet in order that a sound structure will 
result. By knowing the percentage flow of brazing 
alloy at various temperatures and for various flow 
paths, one can readily determine the brazing temperature 
for this application. 

Expressing the foregoing discussion in terms of our 
equation (4) for percentage flow, we have: 
50y? _ 50 X 0.000225 sq. in 
bp 0.005 in. X 0.071 in. 
for fillets on one side of the tube sheet or approximately 
60% for fillets on both sides of the tube sheet. 

A second example, which illustrates the importance 
of being able to calculate the amount of flow of brazing 
alloy from brazing sheet, is also taken from actual ex- 
perience. Imagine a run joint of 0.091-in. thick No. X3 
Brazing Sheet, with a 10% thick coating, b, of brazing 
alloy on one side, to a heavy aluminum plate such that 
the brazing sheet is inclined to an angle, 1, of 5° from the 
horizontal and thus touching the heavy aluminum plate 
only at its extremity to give a line contact. It is re- 
quired that the fillet have a width, x, of 0.4 in., and there- 
fore a height, y, of 0.03 in. Let us assume that the 
flow path, p, is 1.0 in. It is desired to know the brazing 
temperature and time required to form the necessary 
fillet. 

The cross-sectional area of the fillet is calculated 
from equation (1) plus equations developed in a previous 
paper’ and is: 


% Flow = = approx. 30% 


A; = 2 + re + x = 0.006 sq. in. 


The cross-sectional area of the available brazing alloy 
is given by 
A. = bp = 0.0091 sq. in. 
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The required percentage flow of brazing alloy in order 
to form the necessary fillet can be calculated by equation 


(4): 
approx. 65% 


In previous flow tests, it had been shown that the type of 
brazing material used for this application would give 
a flow of approximately 65%, for a run joint with a 1.0- 
in. flow path, in 3 min. at 1110° F. 

These are examples of the usefulness of practical 
formulas to design engineers. The importance of such 
equations, which have been based on experimental work, 
cannot be overstressed, 


Other Factors Related to Flow 


Experience, both in the laboratory and in commercial 
practice, has shown that the degree and character of 
precleaning prior to brazing are of major importance 
for the satisfactory brazing of aluminum alloys. That 
there are three Jaws for successful jointing: ‘‘the first is 
cleanliness, the second is cleanliness, and the third is 
cleanliness,’’!* cannot be overemphasized. 

It is apparent that precleaning solutions can be readily 
trapped in the powerful capillary spaces of a complex 
unit of thousands of linear feet of joint. In such an 
event, even a so-called thorough rinsing might not be 
able to displace completely the trapped solution since 
the capillary forces would already be satisfied by the 
presence of the liquid phase. Simpler assemblies ex- 
hibit this effect to a lesser, but noticeable, extent, poor 
brazing response often having been traced to improper 
precleaning. 

Residual acid solutions such as hydrofluoric acid, which 
are not detrimental to the brazing process, are un- 
fortunately ineffectual for the removal of oil or grease; 
this acid can only be used with solvent or emulsion 
cleaner pretreatment. Residual nitric, sulphuric or 
phosphoric acid have been shown to prevent brazing 
entirely. Residual caustic solutions also interfere with 
brazing, probably because of the large amounts of 
aluminum oxide formed. Each application may require 
its special precleaning procedure and past brazing 
experience should be consulted where new applications 
are involved. 

After suitable precleaning, the brazing flux is applied 
to the appropriate surfaces for furnace brazing. For 
flux dip brazing, the parts are immersed in a molten 
flux bath. For the furnace process, about one-half ounce 
of flux per square foot of surface is generally applied. 
For No. 53 Brazing Flux, it has been calculated, and 
experimentally verified, that 0.4 oz. of flux per square 
foot is just about the minimum, if satisfactory brazing 
response is to be expected. 

It has been known since the first commercial applica- 
tions of aluminum furnace brazing that hydrogen gas 
is generated during the process. It can be appreciated 
that hydrogen formation during furnace brazing of 
closed or semi-closed containers is of great importance. 
Unless this hydrogen is prevented from forming, or is 
adequately vented, minor explosions, causing misalign- 
ment of assembled parts, will take place in the furnace. 
It was therefore considered of interest to carry out 
a number of experiments in order to determine the 
amount of hydrogen generated during the brazing 
process. 

In carrying out these tests, a boat of sheet aluminum, 
or of aluminum brazing sheet, was painted on the inside 
with a weighed amount of the flux paste and then in- 
serted in a tube furnace heated to the required tempera- 
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Table 2—Generation of Hydrogen During the Furnace 
Brazing of Aluminum 


Ce. Hydro 
Composition of Flux gen Gas 
Paste* Treatment at N. T. p 
% by After 20 Min. Generated 
Weight Applying at Av. per Sq. In. 
% by Weight of No. Flux Paste Temp., of Metal 
of Vehicle 30 Flux to Surfacef Surface 
100 water 0 None 1140 0 
0 100 None 1140 0) 
10 water 90 None 1140 2 
15 water 95 None 1140 2 
25 water 75 None 1140 2.5 
15 water 85 None 1165 2.5 
15 water 85 None 970f 1.0 
15 water 85 Preheat at 230° 
F. for 2 hr. 1175 0.5 
25 denatured 75 Preheat at 230° 
ethanol F. for 2 hr. 1170 0.6 
25 ninety-five 75 Preheat at 230° 1170 0.4 
per cent F. for 2 hr. 
methanol 
25 absolute 75 Preheat at 230° 1170 0.3 
methanol F. for 2 hr. 


* Applied as 1 lb. of paste per 4 sq. ft. of surface. 

+ Either sheet aluminum or brazing sheet surfaces gave substan 
tially the same results. 

t Below the melting point of the flux. 


ture. The entrance end of the furnace was fitted with 
an inlet tube for air which had been thoroughly dried 
with activated alumina. At the exit end of the furnace 
was placed a column of activated alumina to remove 
water. This was followed by a second furnace con- 
taining copper oxide, to burn any generated hydrogen 
to water. A final sorption tube, which could be weighed, 
was used to absorb the water synthesized from the hy- 
drogen. All joints were gas tight. Some of the results 
of these tests are given in Table 2. 

It is of interest to note that dry flux, as taken from the 
container, did not react with aluminum to generate 
hydrogen. Likewise, water alone gave no hydrogen. 
It would therefore appear that it is the water held by 
the flux even after fusion which is responsible for the 
hydrogen formation. As shown in Table 2, the amount 
of hydrogen gas formed per square inch of metal surface 
can be decreased to about one-fifth of the regular water 
paste value by heating the water paste-coated surface 
at 230° F. for several hours; and to about one- 
tenth of the regular water paste value by heating a 
methanol paste-coated surface under similar conditions. 

That water can be held by molten flux is also shown by 
the flux dip brazing process for aluminum alloys. When 
No. 53 Brazing Flux is heated to 1180° F., it is com- 
pletely molten. If a piece of aluminum is inserted 
therein, a more or less vigorous reaction takes place and 
the evolved hydrogen gas burns at the surface; this 
hydrogen results from the interaction of the aluminum 
with water in the molten flux, or with the reaction 
products of water and the flux components. This re- 
action continues until all of the water, or its reaction 
products, have been used up, providing enough fresh 
aluminum surface is supplied. It is essential that this 
dehydration process be carried out prior to actual 
brazing. Once dehydrated, the bath no longer reacts 
with aluminum surfaces other than to cleanse them 
during brazing. During this operation, heavy metal and 
other impurities are also removed from the flux bath by 
deposition on the aluminum dehydrating surface. 

The maximum temperatures to be used for brazing 
the aluminum alloys have previously been discussed** ’ 
and need not be considered further except to summarize 
aluminum brazing in the form of a jointing temperature 
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scale, Fig. 8, where it will be seen that the commercial 
aluminum brazing process at present covers a tem- 
perature range of from about 1030 to 1180° F. 

The problem of capillary clearance for various brazing 
systems has been considered at some length in a previous 
paper.? But, in order to illustrate the position of 


aluminum brazing in respect to other brazing systems, 
we have prepared the jointing clearance scale shown in 
Fig. 9. To be particularly noted is the line-contact 
capillary used with aluminum brazing sheet. 

It has been demonstrated many times that it is 
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Fig. 10—Radiographs of No. 1 Brazing Sheet Joints Showing Presence and Absence of Porosity and Flux 
Entrapment in the Laps 
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Thickness of 43S Button (No. 53 Brazing Flux—7 Min.) 


1150 1140 


Thickness, in. 0.Oll 


1130 


0.119 
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Thickness, in. 


0.012 0.030 0.039 


Fig. 11—Flow of 43S Brazing Alloy on 3S Alloy, and on Nos. 1 and X3 Brazing Sheet 


Thickness of 716 Button (No. 53 Brazing Flux—7 Min.) 
1075 


Temp.,°F. 1090 1080 1070 


Thickness, in. 0.017 


No. 1 
B. S. 


Thickness. in. 0.013 


Thickness, in. 0.013 0.030 


Fig. 12—Flow of 716 Brazing Alloy on 3S Alloy, and on Nos. 1 
and X3 Brazing Sheet 


0.013 0.056 


almost impossible to obtain absolutely flux-free brazed 
joints of considerable contact area when using aluminum 
brazing sheet. Unless special precautions are taken, 
lap widths of 0.25 in. and greater will have some flux 
trapped within them. Flux entrapment is objectionable 
in that penetration of moisture will cause blistering, 
corrosion, etc.; it also decreases the thermal efficiency 
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0.054 


0.076 0.101 0.099 


of the joint. Figure 10 illustrates presence and absence 
of porosity and flux entrapment in lap joints as a function 
of the clearance. 

Experience has shown that if we employ a line con- 
tact, as illustrated by a curved surface tangent to a plane, 
the molten alloy displaces the flux from the center out- 
ward to form a flux-free fillet. The size of the fillet is, 
of course, determined by the amount of available 
brazing alloy, as well as by the time and temperature of 
brazing. 

Capillary laws are, from the standpoint of practical 
brazing of aluminum and its alloys, both good and bad. 
They are good because without them and their control of 
the flow of molten brazing alloy it would be impossible to 
obtain a brazed joint in the absence of manual assistance; 
they are bad because they act, like all natural laws, with- 
out reverence for our requirements. A fluid will flow 
into the most positive capillary in the environment in 
which that fluid exists, regardless of whether it is the 
“right” capillary or not. It is up to the designer to make 
the “‘right’’ capillary the most positive one by making 
reference to theoretical and experimental investigations 
designed to define the laws governing the flow of molten 
aluminum brazing alloys.’.* 

As already indicated, capiliarity is capable of intro- 
ducing numerous production problems. One of these 1s 
“grooving,” and even perforation, of thin gage material, 
during furnace brazing. In order to demonstrate groov- 
ing and perforation under various static and dynamic 
conditions, a series of experiments was carried out, based 
on capillary laws and the metallurgical characteristics 
of the system. A few of the interesting findings are 
considered below. 

If a line contact is moved during the period when thie 
brazing alloy is molten, and after it has been molten for 
an appreciable time, grooving will take place. For 
example, consider a line-contact joint consisting of 4 
round tube or rod on a horizontal flat plate of No. | 
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and, if thin gage material is used, perforation of the 
sheet may result. 

In connection with perforation, it should be noted 
—<——— that particles of copper, zinc, brass, etc., which might be 
OOO ()O © picked up from forming tools, can cause perforation of 

thin sheet by formation of low melting point alloys if 
left on the assembly during brazing. 


c Capillary laws require that when two capillaries are 
equal in character, i.e., one is as ‘‘positive’’ as the other, 


then each shall receive exactly the same share of the 


liquid phase, providing conditions of gravity, pressure, 
J| geometry, etc., do not interfere. A simple example of 


the effect of capillarity on flow can be demonstrated by 
- ? — 3 the following experiment. If one places a drop of water 
I! I into a clean horizontal glass tube of true conical shape 


and of circular cross section in such a way that neither of 
the menisci is attached to the cut ends of the tube, it 


| | will be found that the resultant of the capillary forces 


causes the drop to move in the direction of the smaller 


| tip.’* Investigations on competition between capil- 


laries yield results extremely useful to the designing 
engineer who is responsible for placing capillaries in 


DIAGRAMATIC REPRESENTATION OF VAKIOUS TYPES OF JOINTS 


USING BRAZING SHEET, BEFORE AND AFTER BRAZING certain relationships to one another, to the metallurgist 
who develops the base and filler alloys and to the physi- 
Fig. 13 cal chemist who interprets capillary phenomena. In 


order to overcome grooving and perforation, it is neces- 


Brazing Sheet. The molten brazing alloy flows to the 
line contact and forms a fillet on either side of it. If 
this fillet is left in contact with the brazing sheet for an 
appreciable period of time, the molten brazing alloy 
will dissolve some of the base metal. If now the tube or 
rod is moved laterally, the new capillary, resulting from 
the new line contact, sucks the molten metal out of the 
grooved zones because the line-contact capillary is more 
positive than the groove capillary. It can be seen that 
the movement will cause grooves in the brazing sheet, 


Fig. 15—-Furnace Brazed Coin Tray Assembled from 3S Alumi- 
num and No. 2 Brazing Sheet 


sary for the designer to pay more attention to the place- 
ment of capillaries and for the operator to minimize 
movement of parts of the assembly during brazing by 
proper means, such as jigging and uniform cooling. 

In certain assemblies it may be necessary to use a com- 
bination of brazing sheet and added filler metal; in other 
assemblies, parts may be torch brazed with added filler 
metal after the furnace of flux dip brazing process. It 
is accordingly of interest to compare the flow of added 
filler alloy on plain aluminum and on brazing sheet 
surfaces. Figures 11 and 12 illustrate some of the re- 
sults obtained, where it will be seen that added filler 
metal flows better on brazing sheet than on plain alumi- 
num sheet; this is because a molten metal phase will 
“wet” another molten metal phase better than it will a 
solid phase. 

After brazing, it is necessary that all traces of brazing 
flux be removed from the assembly; recommended pro- 
cedures should be followed.** 

For information concerning other factors related to 
aluminum brazing, such as the use of a stop-off agent to 
A prevent excessive spread of flux and brazing alloy, the 
. 4 -. use of a brazing paste for supplying additional filler 

ae metal, the addition of a wetting agent to the water slurry 

of the brazing flux, methods of detecting flux residues, 

Fig. 14—Furnace Brazed Ore Chute Showing Three Types of etc., the manufacturer of the brazing materials should be 
Joints Employed consulted. 
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Fig. 16—Several Brazed Articles Employing Aluminum Brazing Sheet 


Applications of Aluminum Brazing 


Some interesting types of joints can be made with 
aluminum brazing sheet. A few of the typical types 
are shown in Fig. 13, where it can be seen that joints can 
be readily made that would be impractical, if not im- 
possible, to make by the use of added filler metal. 

Figure 14 is a photograph of a furnace-brazed ore 
chute consisting of a tube formed from No. 1 Brazing 
Sheet with the coating on the inside, of a drawn or formed 
upper section made from No. 1 Brazing Sheet with the 
coating on the inside, and of a solid rod. The longitu- 
dinal tube joint consists of an offset lap. 

A coin tray, assembled from 3S aluminum and No. 2 
Brazing Sheet, is shown in Fig. 15. 

Figure 16 is a photograph of a number of articles, 
including a refrigerator evaporator model and two 
radiator sections, which have been furnace or flux dip 
brazed. Some of these units have been used in static 
and dynamic corrosion resistance studies. 

It can bear repetition that although aluminum brazing 
is relatively new, as compared with the brazing of other 


metals, it appears to hold great promise. There should 
be no reason for viewing the developments to date other 
than with full optimism. 

The aluminum brazing fluxes, the aluminum brazing 
sheets and some of the processes mentioned herein are 
covered by United States patents or patent applications 
owned by the Aluminum Company of America. 
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Discussion on “The Effect of 
Normalizing on the Proper- 
ties of Welds in Carbon- 
Molybdenum Steel Pipe™ 
By R. D. Williamst 


HIS paper presents a plea for normalizing welded 
joints in C-Mo steel pipe to improve their strength 
and integrity. At Battelle we are at present con- 
ducting an investigation on such joints. While we are 


* Paper by I. A. Rohrig, D. H. Corey and Sabin Crocker, presented at the 
Annual Meeting and published in October 1943 issue Welding Research 
Supplement. 

Sikessiech Engineer, Battelle Memorial Institute. 
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interested in joint strengths, we are more particularly 
concerned with the possible effects of the normalizing 
treatment on subsequent graphitization in the weld area. 
From this viewpoint, too, it appears that normalizing 
would be of advantage, as mentioned in the paper, be- 
cause in a recent survey of a number of power stations 
having welded C-Mo lines we have found considerable 
evidence to show that welded pipe in the more nomvo- 
geneous condition produced by normalizing would be 
less prone to graphitize. More specifically, the serious 
cases of harmful graphite formation show that it is the 
metal that has been heated by welding to about the criti- 
cal temperature that is particularly susceptible. Norma!- 
izing the welded joint would eliminate this welding effect 
and would be expected to be of beneficial influence in the 
tendency to graphitize. 
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The Fatigue Strength of Fillet-Weld 
Joints Connecting Steel 
Structural Members 


By Wilbur M. Wilson! 


Introduction 


HE tests described in this paper constitute a part 
of the investigation being conducted by the 


Engineering Experiment Station, University of 
Illinois, in cooperation with the Public Roads Admini- 
stration, Federal Works Agency; the Chicago Bridge 
and Iron Co.; the Association of American Railroads; 
and the Bureau of Ships, Navy Department. The work 
has been done under the supervision of the Committee on 
Fatigue Testing (Structural) of the Welding Research 
Council of the Engineering Foundation, of which Jona- 
than Jones is Chairman. A more complete report of this 
investigation will be given in a forthcoming Bulletin of 
the University of Illinois Engineering Experiment Sta- 
tion, ‘“Fatigue Strength of Fillet-Weld and Plug-Weld 
Connections in Steel Structural Members.”? The tests 
described herewith are exploratory and were made to 
guide the Committee in a more comprehensive investiga- 
tion which is now being made 


Fatigue Strength of Various Types of Fillet-Weld 
Joints Connecting Plates 


The fatigue failure of a fillet-weld joint connecting 
plates may be due either to the failure of the plates in 
tension or to the failure of fillet weld in shear, tension or 
flexure. The specimens used in the tests described in this 
section were designed to fail in the plate, the object of the 
tests being to determine the type of connection for which 
the fatigue strength of the connected plates would be 
greatest. 

The types of connections that were tested are shown in 
Fig. 1. To facilitate a comparison of the results, all 
specimens were tested on a cycle in which the average 
stress in the outside plates, the ones that were to fail, 
varied from 0 to 18,000 psi. tension. The various speci- 
mens and tests are described in the following paragraphs. 
T, Uand V Series 

The tests of the T, U and V series were planned to de- 
termine the effect of the width of the plate upon its 
fatigue strength when connected by longitudinal fillet 
welds along the edges. The width of the outside’ plates 
for the specimens of the V series, shown in Fig. 1 (b), was 
9in. The T and U specimens were the same as the V 
specimens except for the width of the plate, which was 
9 in. for V, 6 in. for U and 4 in. for T. 

The results of the tests are given in lines.1, 2 and 3 of 
Table 1. The number of cycles for failure was somewhat 
greater for the narrow than for the wide specimens, 


: Ot sere before the Annual Meeting, A.W.S., Chicago, October 18 to 21, 
t Research Professor of Structural Engineering, University of Illinois 


, t This bulletin may be expected to be available for distribution early in 
944. 


Table 1—Fatigue Strength of Various Types of Fillet-Weld 
Joints Connecting Plates 


Stress cycle for all tests: 
plates. 


0 to 18,000 psi. tension on outside 
All specimens broke in outside plate at end of fillet weld 
Specimen Number of Cycles for 
Line No. Failure in 1000’s 
1 / 47.4 
34 
49. 
43 
137. 
228. 
101. 
155. 
191. 
221. 
120. 
177.6 


324. 
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probably due to the fact that the variation in stress along 
a transverse section was less for the narrow specimens 
than for the wide ones. The difference in the average 
number of cycles for failure, from 43,500 for the V series 
to 177,600 for the T series, corresponds to a difference in 
the fatigue strength of 20 to 25%, a difference which is 
significant. 
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Y Series 

The specimens of the Y series, shown in Fig. 1 (c), were 
very much like the specimens of the T series except that, 
for the Y series, each outside plate had two strips each 
3°/, in. wide whereas, for the T series, each outside plate 
consisted of a single strip 4 in. wide. The results of the 
tests are shown in line 4 of Table 1. The average number 
of cycles for failure was 339,200 for the Y series, almost 
double the number for the T series. It should be noted, 
however, that the stress is based upon the transverse 
section of two 3°*/,-in. strips whose combined width is 
considerably less than the gross width of the main plate, 
which is 9 in. wide. 


X Series 


The X specimens, shown in Fig. 1 (a), differed from the 
V specimens in having a transverse return fillet 1'/2 in. 
long at each corner. The number of cycles for failure, 
given in line 5 of Table 1, was very nearly the same for 
the X as for the V series, indicating that the return fillet 
was not beneficial. 


Cand D Series 


The C and D specimens, shown in Figs. 1 (e) and 1 (d), 
had longitudinal fillet welds along both sides and a trans- 
verse fillet weld across the end of each outside plate. 
Specimen C differed from D in that it had a short trans- 
verse fillet weld on the inside of each outside plate. The 
average numbers of cycles for failure, given in lines 6 and 
7 of Table 1, were 343,200 and 283,500 for C and D, 
respectively. These values are comparable with the 
43,500 cycles for the V specimens, which did not have 
the transverse fillet welds across the ends. 


EW, EX and EZ Series 


The details of the specimens are shown in Figs. 1 (f), 


1 (g) and 1 (hk). Specimens EW and EX differed from 
EZ in having the corners of the outside plates cut off 
and welded. The average numbers of cycles for failure, 


given in lines 8, 9 and 10 of Table 1, were nearly equal for 
the three series and all were of the order of 200,000. 


42C and 42D Series 

Specimens 42C and 42D, shown in Fig. 1 (&), each had 
a single transverse fillet weld at the end of each outside 
plate. The two differed in that 42C had a 45° fillet 
whereas 42D had an ogee fillet, as shown in the figure. 
Specimens of these series were tested on the following 
cycles: 0 to 18,000 tension, 0 to 18,000 compression and 
12,000 tension to 12,000 compression, the stress being in 
psi. of the transverse section of the outside plates in all 
instances. The results of the tests are given in Table 2. 

The 42D specimens, the ones with the ogee fillets, 
when tested on a cycle in which the stress in the outside 
plates varied from 0 to 18,000 psi. tension and also when 
tested on a cycle in which the stress varied from 12,000 
psi. tension to an equal compression, were slightly 
stronger in fatigue than the 42C specimens, the ones with 
45° fillets; when tested on a cycle in which the stress 
varied from 0 to 18,000 psi. compression, the 42D speci- 
mens were very much stronger than the 42C specimens. 
Specimens 42D and 42C, when tested on a cycle in which 
the stress varied from 0 to tension, had approximately 
the same fatigue strength as specimens C and D, the two 
specimens of Fig. 1 with 9-in. plates that had the great- 
est fatigue strength. Two specimens, 42D2 and 42D4, 
broke in the inside plate, where the section was 12 sq. in., 
instead of in the outside plates, where the combined sec- 
tion of the two plates was 9 sq. in. These inside plates 
were slightly undercut at the ends of the welds. 

The results of the tests described in the previous para- 
graphs indicate that, of the types of joints that were 
tested, there were none that had a significantly greater 
fatigue strength than the simple joint with longitudinal 
fillet welds along the sides and a transverse fillet weld 
across the ends of the plates, specimen D, Fig. 1 (d). 
Three joints of this type withstood an average of 283,500 
repetitions of a cycle in which the average tension in the 
outside plates varied from 0 to 18,000 psi. 


Table 2—Fatigue Strength of Single Transverse Fillet-Weld Joints Connecting Plates 


Specimen 
No. Cycle 
42D1 0 to tension 
42D2 
42D3 
42D4 


42D5 
42D6 
42D7 


Tension to equal compression 


42D8 
42D9 
42D10 


0 to compression 


0 to tension 


Tension to equal compression 


0 to compression 


* Fillet was concave. 


Unit Stress in 1000’s of Psi. Number of Cycles for 
Tension in Plate 


0 to +18.0 331. 


+12.0 to —12.0 
+12.0 to —12.0 
+12.0 to —12.0 


0 to —18.0 
0 to —18.0 


Location of 

Failure in 1000's Fatigue Cracks 

0 to +18.0 186.8* Throat of weld 
651.5 Inside plate 
175. Edge of weldt 
408. Inside plate 
411.6 


117. Edge of weldt 
141. Edge of weldt 
111. Edge of weldt 
123. 


1006. Edge of weldt 

1979. Edge of weld{ 

857.6 Edge of weldt 
1281. 

149. 4 Edge of weldt 

0 to +18.0 175. Edge of weldt 

Throat of weld 
Av. 218. 


Throat of weld 
Throat of weld 
Throat of weld 
Ay. 


0 to —18.0 Edge of weldt 
Edge of weldt 
Edge of weld{ 
Av. 


This value was not included in the average. 


+ Crack started at throat and proceeded along junction with '/;-in. plate. 


¢ Crack started at throat and proceeded along junction with 1-in. plate. 
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Fatigue Strength of Various Types of Fillet-Weld 
Joints Connecting Channels to Plates 


The specimens, shown in Fig. 2, consisted of channels 
connected to plates with fillet welds. The S specimens 
had longitudinal fillet welds along the edges of the chan- 
nel only; the Al specimens had longitudinal fillet welds 
along the edges and a transverse fillet weld across the ends 
of the channels; the channel webs of the A2 specimens 
were slotted, and there were longitudinal fillet welds 
along both edges of the slots as well as along the edges of 
the channels but there were no transverse welds. 

The results of the tests are given in Table 3. The 
simplest specimen, Al, had the greatest fatigue strength, 
and the average number of cycles for failure was three 


Table 3—Fatigue Strength of Various Types of Fillet-Weld 
Joints Connecting Channels to Plates 


All specimens were tested on a cycle in which the stress varied 
from 0 to 18,000 psi. tension on the channels. All specimens 
failed in the channel at the end of the longitudinal fillet weld 


Specimen Number of Cycles for 
No. Failure in 1000’s 
Sl 553.3 
$2 407.6 
$3 284.0 
Av. 415.0 
Al-1 870.7 
Al-2 636.2 
A1-3 1040.7 
Av. 849.2 
A2-1 631.5 
A2-2 506.1 
A2-3 551.7 
Av 563.1 
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Fig. 2—Various Types of Fillet-Weld Joints Connecting Chan- 
nels to Gusset Plates 
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Fig. 3—Channel Box Sections with Fillet-Weld Connections 


times as great for it as for the D specimen of Fig. 1, one 
of the best of the specimens with fillet welds connecting 
plates described in the previous section. The arrange- 
ment of the welds was the same for the Al as for the D 
type of joint, longitudinal fillet welds along the sides and 
transverse fillet welds across the end. The greater 
fatigue strength of the channel connection was attributed 
to the fact that the longitudinal fillet welds were ad- 
jacent to the flanges, which constitute a considerable por- 
tion of the total section of the channels. 


Fatigue Strength of Channel Box Section with 
Fillet-Weld Connections 


Truss members of light bridges sometimes consist of 
rolled channels fabricated so as to form a box section. 
The specimens of Fig. 3 were designed to represent the 
ends of such members where they are attached to the 
gusset plates. There were two types of welded connec- 
tions and one type of riveted connection. The connec- 
tion for the GB specimens was the same as for the A! 
specimens of Fig. 2 except that there was a '/s-in. trans- 
verse fillet weld at the edge of the plates. The GA 
specimens had longitudinal fillet welds along the edges 
and a circular fillet weld across the ends of the channel. 
The GC specimens had riveted connections such as are 
used on a riveted truss. The two channels of a specimer 
were connected by a pair of batten plates at the center 
for all types of specimens. The gusset plates at each end 
of a specimen were bolted to the head of the testing ma- 
chine, which was solid metal for the full thickness and 
which fitted snugly between the two gussets, thus hold- 
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Table 4—Fatigue Strength of Channel Box Section 


All GC specimens failed through the inner transverse row of rivet holes. 


Except as noted, all welded specimens failed in a channel 


at the inner end of a longitudinal fillet 


Specimen Stress Cycle in 1000's of Psi. Number of Cycles for 
No. of Gross Section of Channel Condition of Specimen When Tested Failure in 1000's 
GA-1 Oto 18.0 As fabricated 179.7 
GA-2 Oto 18.0 As fabricated 140.6 
GA-3 Oto 18.0 As fabricated 131.4 
Av. 150.6 
GA-4 +12.0 to —12.0 As fabricated $2.1° 
GA-5 +12.0 to —12.0 Outside fillet weld of batten plate removed 133.2 
GA-6 +12.0 to —12.0 Outside fillet weld of batten plate removed 102.3 
Av. 105.9 
GA-7 +12.0 to —12.0 Batten plates off 86.8 
GB-1 Oto 18.0 As fabricated 294.4 
GB-2 Oto 18.0 As fabricated 227 .4* 
GB-3 Oto 18.0 As fabricated 199.3* 
Av. 240.4 
GB-4 +12.0 to —12.0 Outside fillet weld of batten plate removed 165.5 
GB-5 +12.0 to —12.0 Outside fillet weld of batten plate removed 192.8t 
GB-6 +12.0 to —12.0 Outside fillet weld of batten plate removed 207 . 5t 
Av. 188.6 
GB-7 +12.0 to —12.0 Diaphragm welded on between gusset plates 125.5 
GC-1 Oto 18.0 As fabricated 207 .6 
GC-2 Oto 18.0 As fabricated 257.5 
GC-3 Oto 18.0 As fabricated 202.5 
GC-4 Oto 18.0 As fabricated 248.9 
Av. 229.1 
GC-5 +12.0 to —12.0 As fabricated 228.6 
GC-6 +12.0 to —12.0 As fabricated 169.0 
GC-7 +12.0 to —12.0 As fabricated 143.7 
Av. 180.4 


* Failed in channel at batten plate, which was welded on. 
+ Failed in gusset plate at end of channel. 


ing the gusset rigidly to a plane. There were seven speci- 
mens of each type, some were tested on a cycle in which 
the average stress varied from 0 to 18,000 psi. tension on 
the gross section of the channels, the others were tested 
on a cycle in which the average stress varied from 12,000 
psi. tension to an equal compression. The results of the 
tests are given in Table 4. 

The batten plates of the welded specimens were at- 
tached to the flanges of the channels with fillet welds at 
the edge of the web and at the outer edge of the flanges. 
The latter were such severe stress raisers that they 
caused the channels to fail at the ends of the fillet welds 
connecting the batten plates for specimens GA-4, GB-2 
and GB-3. For this reason the fillet welds connecting 
the batten plates to the edges of the flanges were ground 
off for the remaining welded specimens. The remaining 
welds, the ones connecting the battens to the webs of the 
channels, proved to be sufficient to connect the battens to 
the channels and they were not severe enough as stress 
raisers to cause fracture. Specimens GB-5 and GB-6 
failed in the gusset plates rather than in the channels. 
All other welded specimens failed in the channels at the 
inner ends of the longitudinal fillet welds connecting the 
channels to the gusset plates. 

The batten plates were removed from GA-7, which was 
tested on a cycle in which the stress varied from 12,000 
psi. tension to an equal compression, but the eccentricity 
of the channels relative to the gusset plates was so great 
that the channels deflected laterally under the reversed- 
load cycle. The low value of the fatigue strength for GA- 
7 may have been due to this excessive lateral deflection. 
Even with the battens on, there was considerable lateral 
deflection in the specimens tested on a reversed-load 
cycle. Diaphragms were welded between the gusset 
plates at their outer edges for GB-7. This prevented the 
channels from weaving in and out under the action of the 


1943 


FATIGUE STRENGTH FILLET WELDS 


reversed load but seemed to reduce the fatigue strength 
slightly. Reducing the flexibility of the channels may 
have increased the flexural stress near their ends where 
fatigue failure occurred. 

Strain readings were taken at various sections of some 
specimens with a 2-in. Berry strain gage, the fatigue 
machine being cranked by hand while the readings were 
taken. 

The stress diagrams for two of the GC specimens are 
shown on Fig. 4. One set of strain readings was taken on 
a section near the top and one on a section near the bot- 
tom, as shown on the sketch at the left of the figure. The 
location of the gage lines around the section is shown at 
the bottom of the sketch at the right. The stress distri- 
bution is shown by the diagrams with the developed 
section of the channel as a base line. The diagrams at the 
top are for specimen GC-5 and those at the bottom are 
for specimen GC-6, both specimens having been tested as 
originally fabricated. Each set of diagrams represents 
the average of the readings on four similarly located sec- 
‘tions, one at the top and one at the bottom of both the 
near and the far channels. For each set of diagrams, the 
line above the base line represents the stress when the 
specimen was in tension and the line below the base line 
represents the stress when the specimen was in compres- 
sion. 

These diagrams are of interest only in that they show 
the variation in the simultaneous stress on the particular 
section at which the strain was measured. They do not 
necessarily show the relative uniformity of stress distri- 
bution for different types of members because readings 
were not taken on enough sections to insure that they 
were taken on the section for which the stress distribu- 
tion was the most uneven for the particular specimen 
being considered. 

The diagrams of Fig. 4 indicate that, in loading the 
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Fig. 4—Distribution of Stress on Channel Box Section, Speci- 
mens GC-5 and GC-6 


member GC-5 to an average tension of 12,000 psi., there 
were some points in the web where the stress was as high 
as 14,000 psi. tension and some points in the flange where 
the simultaneous stress was as low as 1000 psi. compres- 
sion. The fatigue crack developed in the web of the chan- 
nel through the outside row of rivet holes where the stress, 
taking into account the stress-raising effect of the holes, 
probably exceeded the yield point of the steel at the edge 
of the hole. This being true, the fatigue strength was 
only slightly affected, if at all, by the flexural stress due 
to the eccentricity of the channel relative to the web but 
was determined largely by the stress-raising effect of the 
rivet holes. The similarity of the stress patterns for the 
two specimens is of interest. 

The stress diagrams for some of the GA specimens are 
shown on Fig. 5. The upper diagrams are for GA-4 as 
fabricated, the middle diagrams are for GA-5 with the 
fillet welds connecting the batten plates to the outside 
edges of the flanges ground off and the lower diagrams are 
for GA-7 with the batten plates removed. The upper 
diagrams show that for GA-4 as originally fabricated, 
when the average stress on the specimens was 12,000 psi. 
tension, the maximum stress in the web on the sections 
near the ends was as great as 18,000 psi. tension whereas 
the simultaneous stress at the edge of the flange was as 
small as 8000 psi. compression. The middle diagrams 
show that, for GA-5 with the welds connecting the batten 
to the edges of the channel flanges ground off, when the 
average stress was 12,000 psi. tension, the maximum 
stress in the web on sections near the ends was as great 
as 19,000 psi. tension and the simultaneous stress at the 
edge of the flange was as small as 6000 psi. compression. 
Similarly, the lower diagrams show that for GA-7 with 
both battens removed an average stress on the section of 
12,000 psi. produced a stress in the web on sections near 
the ends as high as 21,000 psi. tension and a simultaneous 
stress at the edge of the flange as low as 17,000 psi. 
compression. 

The strain in the web increased toward the edge of the 
channel where the longitudinal fillet weld transmitted the 
load to the gusset plate. The center of the gage length 
was out about 1'/, in. from the end of the weld. It is 
reasonable to suppose that strain readings, if taken closer 
to the end of the fillet, would have shown an even more 
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marked increase in the stress at the edge of the web thay 
is given by the diagrams of Fig. 5. The fatigue fractur 
of all welded specimens (except GB-5 and GB-6, which 
failed through the bolt holes in the gusset plates and 
GA-4, GB-2 and GB-3, which failed where the batten 
plates were attached) occurred at the inner end of the 
longitudinal weld. It would seem, therefore, that the 
higher-than-average stress at the edge of the web, to. 
gether with the abrupt change in section at the end of the 
weld, weakened the channel in fatigue. 

The stress diagrams for specimens GB-6 and GB-7 are 
shown in Fig. 6. The diagrams at the top of the figure 
are for the stress near the top and the bottom of the 
members, the same as has already been explained in con. 
nection with Figs. 4 and 5. The diagrams at the bottom 
of the figure are for the stress at the two sections near 
the middle, one just above and the other just below the 
middle, as shown in the sketch at the left. It is of inter. 
est to note that the stress was quite uniform over the 
sections near the center for both specimens. However, 
failure started near the ends where the stress pattern for 
the GB specimens was very similar to the stress pattern 
for the GA specimens of Fig. 5. 

There is no reason to suppose that the strain was any 
more unevenly distributed over the sections of the fatigue 
specimens tested than it would be over the sections of 
similar members of a bridge truss. 

The fatigue strength of specimens GA-4, GB-2 and 
GB-3, which failed at the end of the fillet welds connect- 
ing the battens to the edges of the channels, was probably 
reduced somewhat by this unnecessary detail. More- 
over, specimens GB-5 and GB-6, which failed through 
the holes in the gusset plates connecting the channels to 
the heads of the testing machine would, with proper con- 
necting plates, have a fatigue strength at least slightly 
greater than the values reported. Taking into account 
these irregularities, the tests reported in Table 4 appear 
to justify the following statements relative to the fatigue 
strength based on the gross area of the channels. 

The values of the fatigue strength of the three types of 
connections for members with channel box sections, were 
very nearly equal, the values for the GB welded con- 
nections and of the GC riveted connections being slightly 
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greater than the values for the GA welded connections. 
The fatigue strength was somewhat lower for the two- 
channel members with a box section than it was for the 
two-channel members with the channels back-to-back 
with a gusset plate between, specimen A1 of Fig. 2 (0). 
For all three types of specimens, the fatigue strength 
was approximately */; as great for a cycle in which the 
stress varied from tension to an equal compression as it 
was for a cycle in which the stress varied from 0 to tension. 


Fatigue Strength of Fillet Welds 


The specimens used in the tests described in the 
previous section were designed to fail in the plates. The 
specimens used in the tests described in this section were 
designed to fail in the fillet weldseand the tests were 
planned to give the fatigue strength of the welds of 
fillet-weld joints. 


The details of the specimens are shown in Fig. 7. 
There were four series of tests, series E* and G had 
transverse fillet welds across the ends of the channels and 
series F* and H had longitudinal fillet welds along the 
edges of the channels. The difference between the E 
and G specimens was that the welds were peened for the 
G specimens but were not peened for the E specimens. 
Likewise, the welds were peened for the H specimens but 
were not peened for the F specimens. The welding proce- 
dures for the various specimens are given in Table 5. 
Some of the specimens were tested on a cycle in which the 
stress in the specimen varied from 0 to tension, others 
were tested on a cycle in which the stress varied from 
tension to an equal compression. 

In general, there were three identical tests for each 
series. The average and minimum values of the number 
of cycles for failure for each series are given in Table 6. 

The unpeened */;,-in. transverse fillet welds of series E 
withstood an average of 454,300 repetitions of a cycle in 
which the stress! at the throat of the weld varied from 
0 to 20,000 psi. and the unpeened welds of series 2E 
withstood an average of 189,200 repetitions of a cycle in 

* The specimens of series 2E were identical with those of series E; likewise, 
the specimens of series 2F were identical with those of series F 


+ This stress was taken equal to the total load divided by the total area of 
a section longitudinal with the weld through its throat 
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. Fig. 7—Fillet-Weld Joints Designed to Fail in the Weld _ 


Table 5—Welding Procedure for Fillet-Weld Specimens Designed to Fail in the Weld 


All specimens were welded in the flat position with a °/,:-in. electrode. 


spection bureau, welded all specimens. All welds were made with a single pass 


Specimen Direction 
No. of Fillet Polarity Electrode Volts Amperes Peening 
E1 to E9 and 2E1 to 2E9 None 
Transverse Reversed E6010 30 125 
Gl to G8 Peened while still hot with a round-nosed pneu- 
matic tool 
F1 to F9 and 2F1 to 2F9 None 
Longitudinal Straight E6012 28 190 _ 


H1 to H8 


One welder, who had been qualified by a commercial in- 


Peened while still hot with a round-nosed pneu- 


matic tool 
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Table 6—Fatigue Strength of Fillet-Weld Connections 
Designed to Fail in the Welds 


Summary of Results 


Each value is the average of three or more tests. Specimens G 
and H were peened, the others were not 


Unit Stress in Number of Cycles for 


Specimens 1000’s of Psi. Failure in 1000’s 
Series Peened on Throat of Fillet Av.* Min.* 
Specimens with Transverse Fillet Welds 
E No Oto 25.0 242.5 218.0 
G Yes Oto 25.0 321.3 211.9 
E No Oto 20.0 454.3 312.0 
G Yes Oto 20.0 1270.5 803.3 
2E No +16.0 to —16.0 189.2 89.7 
2E No +13.0to —13.0 1022.1 559.0 
Specimens with Longitudinal Fillet Welds 
F No ° Oto 25.0 257.5 81.5 
H Yes Oto 25.0 24.3 17:2 
F No Oto. 20.0 570.5 248.6 
H Yes Oto 20.0 51.7 5.5 
2F No +16.0 to —16.0 82.4 53.2 
2F No +13.0to —13.0 » 472.4 330.8 


* In general, the average and minimum of three identical tests. 


which the stress at the throat of the weld varied from 
16,000 psi. in one direction to an equal stress in the 
opposite direction. 


The unpeened */,,-in. longitudinal fillet welds of series 
F withstood an average of 570,500 repetitions of a cycle 
in which the shear at the throat of the weld varied from 
0 to 20,000 psi. and the unpeened welds of series 2F 
withstood an average of 82,400 repetitions of a cycle in 
which the shear at the throat of the weld varied from 
16,000 psi. in one direction to an equal shear in the 
opposite direction. 


For the specimens with longitudinal fillet welds, the 
number of cycles for failure was less for the welds that 
were peened than it was for the welds that were not 
peened. The reverse was true for specimens with trans- 
verse fillet welds. 


Unfortunately, the details of the peening procedure 
were not reported and it is not definitely known whether 
the difference in fatigue strength was really due to peen- 
ing or due to some variation in the welding procedure. 
The fact, however, that for specimens with longitudinal 
fillet welds, the average number of cycles for failure was 
10 times as great for unpeened welds as it was for peened 
welds, indicates that additional parallel tests should be 
made on peened and unpeened welds for which the weld- 
ing and peening procedures are carefully controlled. 


Spatter in Gas and Arc 
Welding’ 


By C. F. Keel 


HAT are the spattered particles during weld- 

\ N ing, and what causes them? A common 
opinion is that the spattered particles are 

burnt iron and that they are caused by excess oxygen in 


the welding flame. The following considerations will 
show that this opinion is incorrect. 


The welding flame with the usual 25% excess pressure 
in the oxygen hose contains, along with 31% hydrogen 
and 60% CO, only 2% oxygen which is largely in equilib- 
rium with the other gases. Therefore, burning of the 
iron by oxygen is impossible. 

It is well known that every element and simple com- 
pound has a melting point and a boiling point. For 
example, water (ice) melts at 0° C. and boils at 100° C. 
At 50° C. water evaporates to some extent, as we can 
see from the vapor issuing from a pot of water placed for 
a short time on the kitchen stove. Clouds are water 
vapor. If the clouds are blown into a cold zone, the 
water condenses and it begins to rain. Evaporation of 
water is retarded by adding salts or certain other chemi- 
cals. 


Under the welding torch iron melts at 1530° C. quietly 
without any violent action. If the iron is heated for a 


* Abstract of “Les étincelles en soudure aut 
in Journal de la Soudure, 33, 177-179 (Aug. 1943.) 


e et électrique,” published 


minute or so by the torch, the puddle becomes over- 
heated (1600-1800° C.). Asa result iron evaporates as 
iron vapor from the puddle. As the iron vapor is blown 
toward the cooler regions at the edge of the flame, the 
iron condenses and small drops of iron fly off at high 
speed. These drops constitute spatter. As the hot 
drops fly through the air, they are oxidized on the ex- 
terior. The center of the drops remains metallic iron. 


Spattered droplets collected 1'/, in. from the puddle on 
a glass plate were found to be 0.002-0.004 in. diameter 
and to contain 23% metallic iron, the remainder being 
iron oxide. The higher the temperature, the greater is 
the vaporization. Hence spatter is greater in arc welding 
than in gas welding. The evaporation of iron is most 
pronounced with pure iron or very low-carbon steel. 
Evaporation is less when alloying elements are present, 
such as silicon and gnanganese. Thus cast iron melts 
without spatter, likewise the American welding rod with 
its 0.3% silicon. 


Tests have shown that in gas welding with a low-carbon 
steel rod (0.10% C) the loss due to spatter is 6.7% of the 
weight of rod melted. Using the American rod (0.25% 
C, 0.30% Si) spatter loss amounted to 4.1%. Arc weld- 
ing with a bare rod (0.10% C) resulted in 10% spatter 
loss. These spatter losses include loss due to oxidation 
of the plate on which the rods were deposited. 


In conclusion it may be pointed out that the spattered 
particles during welding are not the same as the sparks 
that fly from a grinding wheel. The sparks from a 
grinder are particles of iron that have been brought to a 
white heat by friction and thrown by the disk into the 
air, where they oxidize and sparkle to an extent depend- 
ing on their carbon content. It would be interesting to 
compare welding sparks more closely with grinder sparks. 
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of welded aircraft structures is of the X 4130 

analysis. The range of adaptability of this steel 
considering its fabricating, heat-treating and welding 
qualities and the resultant physical properties of tensile 
strength, yield and hardness have justified its extensive 
application. At the present time, we find the newer 
NE 8630 steels exhibit properties fully as useful as those 
of the X 4130 steels. Hence, due to their greater avail- 
ability, NE 8630 steels are replacing X 4130 wherever 
necessary and possible. A number of tests have been 
conducted concerning the welding of NE 8630. Some of 
these tests have been summarized and the data compared 
with results from similar tests on X 4130 steels. While 
the data presented herein are concerned only with the 
welding of X 4130 steel tubing, the results should be 
closely applicable to the welding of NE 8630. 

All specimens welded were 1?/,-in. O.D. tubing with 
wall thicknesses of 0.049, 0.063, and 0.078 in. Plain 
vee butt joints were prepared, each tube end being bev- 
eled 45° to form a 90° included angle. A flat varying 
from '/g in. in the thinner wall tubing to '/;. in. in the 
thicker wall specimens was maintained around the inner 
circumference of each tube. Electrode analysis showed 
0.13 C, 0.4 Mn, 0.04 P, 0.04 S, 0.025 Si. All welds were 


most widely used steel in the construction 


ae at the Annual Meeting, A.W.S., Chicago, Ill., Oct. 18 to 21, 
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University of Oklahoma. 

Hill, Morse, “Tests on NE 8630 Steels for Welded Air Frames,’ Tue 
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Metallic Arc Welding of X 4130 
Steel Tubing 


By Wm. T. Tiffin! 


Table 1—Properties and Characteristics of Welds in X 4130 Tubing 


made with the electrode negative. Seven specimens 
were welded for each wall thickness using a different 
welding current for each successive weld. After welding, 
sections were removed to provide specimens for tensile 
and hardness tests and for microscopic examination. 
Figure 1 illustrates the method of preparing the speci- 
mens for welding and of sectioning for testing. 

Structures were photographed in the weld zone, fusion 
zone and the heat-affected and parent metal. Structural 
changes were observed and their distances from the center 
of the weld noted. Hardness surveys were made upon 
the section removed from the welded section, and tensile 


Fig. 1 (2)—Preparation of Joints for Welding 


22)? 


Fig. 1 (6)—Method of Sectioning for Test and Examination 


WALL | WELDING TIME TO HEAT INPUT | STRESS AT | DISTANCE(mm)-C/L of WELD TO STRUCTURAL CHANGE 
SPECIMEN | SIZE WELD _| TOTAL | RATE | FRACTURE COLD 
0 AMPS | Thal PSI FIRST SECOND ~FIRST | SECOND 

1 -OL9 | rejected due to unsatisfactory weld 

2 1s | % 45 29200 | 648 99000 2.0 | 7.00 3.0 5.5 

L* 20 | 45 3 27900 | 900 97500 2.5 8.0 

5* 2. 149 29 29841 | 1029 97975 2.7 8.25 2.0 7.5 

6 22 | 5h 26 30888 | 118s 82250 3.0 | 8.5 2.0 7.5 


1 19 | 86 5882, | 684 
2 20 |40 43 34400 | 800 
3 20 j41 43 35260 | 820 
4 2. | 49 38 39102 } 1029 
5* 21 | 50 26 27300 | 1050 
al 22 | 56 23 28336 | 1232 
7 23 60 15 20700 | 1380 


102000 2.5 5.5 2.75 7.5 
831,00 2.5 | 6.0 2.5 7.0 

104,700 2.5 | 6.25 2.5 6.5 

106200 3.25] 9.0 2.0 6.25 
98250 3.0 6.25 2.0 6.0 
981,00 3.0 5.5 2.25 6.25 
91,700 3.0 5.0 2.0 5.5 


* indicates satisfactory welds 
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Hardness Rockwell C 
Fig. 2—Structure—Weld Center to Parent Metal 


tests were made upon the remaining portion. As tensile 
tests were first designed to detemine the effect of varying 
current upon the properties of the resultant weld metal, 
the weld section was reduced in size to insure fracture 
within the weld. However, a number of specimens failed 
outside the weld. 

In order to cover the entire range of current values 
within which the specimens could be satisfactorily 
welded, the number one specimen in each respective wall 
thickness was welded at a current value far below that 
necessary to produce satisfactory welds. Also, the high- 
est current used was too great to permit satisfactory 
handling of the electrode and the molten metal. Be- 
tween these minimum and maximum values the welding 
current that produced the most satisfactory weld from a 
standpoint of ease and speed of welding, appearance and 
physical properties was determined. Table 1 lists the 
properties and characteristics of the various welded 
specimens and also notes the most satisfactory specimen 
for each size tested. 

Examination showed that an appreciable difference 
existed between the structure and hardness of the metal 
adjacent to the starting point and the section halfway 
around the tubing. Consequently, examination and 
notation of these properties were made and results also 
listed in Table 1. The hot side designates the point at 
which the arc was first struck and the bead started. The 
cold side is the point halfway around the tubing and di- 
rectly opposite the starting point. That a difference in 
resultant properties between the two sides would result 
is apparent from a consideration of the welding process. 
The hot side was heated to the melting point twice, once 
at the start of the bead and again during closure, while 
the cold side was heated to the melting point just once 
during the passage of the arc. The same consideration 
should lead us to conclude that there is a gradual change 
in the structure around the tubing and along a common 
plane normal to the axis. Further, hardness surveys in- 
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dicated a general tendency for the greatest hardness gra- 
dient to be present across the cold side. This also should 
be apparent since the reheat received by the hot side dur 
ing closure of the weld bead would have an effect similar 
to that of a normalizing or a postheating treatment. 
Microscopic studies of the weld metal and adjacent 
sections indicate a fully annealed structure at the center 
of the welds varying to a slightly Widmanstatten struc- 
ture in the zone adjacent to the weld metal and the fusion 
zone and an increasingly normalized or spheroidal struc- 
ture progressing outward and away from the center line 
of the weld. This characteristic is noted in Fig. 2. 
While but very little difference exists between the center 
distances of the structural changes noted for the speci- 
mens of the same wall thickness welded at different cur- 
rent values, a marked difference in the location of similar 
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sections exists between the hot and the cold sides of in- 
dividual specimens. 

Figures 3 to 5, hardness surveys of welds in 0.078-in. 
tubing, illustrate a trend noted in all the welded speci- 
mens. That is, as current values increased, hardness 
gradients in metal adjacent to the weld generally de- 
creased in amplitude. It may also be noted that the 
hardness gradient for the hot side was also less than for 
the cold side and that this characteristic persisted for all 
values of welding current used. If temperature meas- 
urements could be accurately made on thin-walled tubing 
during welding, such measurements would doubtless 
indicate that the cooling rate on the hot side had slowed 
to materially below the hardening cooling rate; or that 
such cooling rate had been arrested by the reheat during 
closure of the bead before appreciable decomposition and 
hardening had taken place. Thus, a more nearly normal- 
ized and uniform structure would be obtained along the 
hot side as compared to that along the cold side. More- 
over, an interruption of the cooling rate by the input of 
additional heat would decrease the slope of the cooling 
curve for metal outside the weld and fusion zone and 
thus would lessen the tendency to harden or create ad- 
jacent sections of appreciable hardness differential. 


Corrections 


HE following corrections are offered by Mr. C. O. 

Dohrenwend, Armour Research Foundation, in 

connection with his paper on ““The Hammer Test 
for Pressure Vessels’’ published in the October issue of 
the Welding Research Supplement. 

On pages 516-s and 517-s, Tables 1 and 2 show on the 
table heading values of strain «, and ¢«, as being X 10°. 
This should be shown as X 10°. 

In the conclusions on page 521-s, Conclusion No. 2 
states, ‘“The strain varies approximately as the square 
root of the distance from the point of hammer contact. ’ 
This should read, ‘““The maximum longitudinal strain 
varies approximately as the inverse of the square root 
of the distance from the point of hammer contact.” 

Conclusion No. 3 states, “The point of maximum 
tension strain is directly under the hammer on the op- 
posite side of the plate.’’ After this statement should be 
included, in parentheses, the following: “(This is a 
biaxial strain of approximately equal magnitude.)”’ 

No. 6 reads, ‘‘It is only the outside surface of the tank 
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ARC WELDING X 4130 STEEL TUBING 


Summarizing, it can be 


said that the most satisfactory 
welds in X 4130 tubing 


’ are those produced with the 
maximum current value that can be handled by the 
operator. Too low current values prevent complete 
fusion and current values too high cause burn through 
and increase the difficulty of controlling the weld. Maxi- 
mum current values possible produce minimum hard- 
ness gradients across comparable sections in specimens 
welded at lower current values. Tensile properties for the 
specimens welded at higher current values approach the 
values for fully normalized specimens, hence indicate more 
uniform properties for the weld and adjacent sections. 
That there exists an appreciable variation in the hard- 
ness gradient around the weld ard between sections dis- 
placed 180° from each other should justify consideration 
of this factor since fracture generally originates in sec- 
tions of higher hardness, especially when subjected to 
repetitive stresses or vibration under load. Danger of 
fracture due to this hardness gradient around the tubing 
— is lessened when the higher welding currents are 
use 
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that suffer the high strains due to the hammer blow.” 
This should read, ‘‘It is only the surfaces of the tank shell 
that suffer the high strains due to the hammer blow.” 


HERE are two corrections which need to be made 
in the tabular data in the paper ‘‘Weld-Bead 
Hardness Tests on Some Carbon, Nickel and 
Nickel-Chromium War Department Steels,’’ by Oscar 
E. Harder and C. B. Voldrich, which was published in 
the October issue of THE WELDING JOURNAL, Research 
Supplement. 
In Tables 2 and 3, page 443-s, Steel 18 should be 
designated as W.D. 1335, instead of W.D. X1335. 
In Table 5, page 449-s, the W.D. designation of the 
first four steels should be as follows: 


B.M.I. Lab. No. W.D. Steel Type 
23 2315 
24 2330 
25 2340 
28 3135 
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Introduction 


IGH yield strengths can be obtained in steels in 
several ways: by cold working, or by chemical 
composition, or by various combinations of both. 

In the past year or more the Carnegie-IIlinois Steel 
Corporation has developed a very interesting family of 
low carbon steels wherein the higher yield strength 
grades are made by a combination of composition, cold 
work and heat treatment. These steels are marketed 
under the trade name of USS Air-Ten. Considerable 
work has also been done on alloy steels. This paper 
presents a large mass of information showing the effect 
on spot weldability of varying the strength of steels of 
the same nominal composition. All materials were 
welded and tested in the same general way so that direct 
comparison between them is possible. 

It is not the intent of this paper to state just what parts 

of airplanes and other structures should be fabricated 

from the various grades of steel; decisions of that char- 
acter must be made by the designer after a consideration 


oat at the Annual Meeting, A.W.S., Chicago, IIl., Oct. 18 to 21, 
43. 

t Welding Engineer and Assistant Welding Engineer, respectively, Carnegie- 
Illinois Steel Corp. 


AVERAGE VALUES FOR SPECIFICATION 
HK SHEETS TESTED MINIMUM VALUES 
TYPE | GRADE |RANGE YIELO CLONG | ELONG. 
(IN) mit STRENGTHISTRENGTH in 2 STRENGTH/STRENGTH in 2” 
(Psi) | (PS) PERCENT] (PS!) KPERCENT] 
c-25 }OO8” | 19245 | 33370 | ae2is | 35.4 25000 | 40000 | 24-35 
c-40 Pee 35625 | 47250 | 52790 | 26.3 | 40000 | 45000 | 20-28 
4 
uss 
ain-ten| | 46390 | | | 17.6 | soooo | | 12-20 
c-60 i400 | | #5190 5.4 | 80000 | 82000 |BEND ON 
LT RADIUS 
c-100 | 008- 61505 | 109770 | 114075 2.2 100000 | 100C00 | BEND ON 
030 RAD 27-67 
| 1413s | 39760 | 107760 | 73.2 | 30000 | 75000 40 
HARD 24105 | 94:50 | 136650 | 53.1 75000 | 125000 25 
172 27535 | 131400 | 1e6a75 | 26.7 | j10000 150000! 15-18 
FULL | 
| | 188075 | 11.7 | 140000 | 1es000 | 9-9 
EZR 
DEAD 425'5 45465 61935 20.4 
sorrT + 
Sac exe 010- 
4608 |iwt 21950 | Soves | 64360 26.6 
Exe. 
FULL 61360 | 106410 | 114610 7.7 
HARO 032 
SAC jExPeRi- |.012- 
@2425 | 127825 | 134025| 
Sac |EXPERI~ | o12- 73150 |122100 | 128130 6.0 
6620 | MENTAL 024 
COLO 
SAE | | ° 13260 | 43510 | 7875s | 25.2 | —— | ——— —— 
44130 lawn’ O® 049 
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Fig. 1—Longitudinal Tensile Properties of Sheets Tested 
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The Spot Weldability of Low Carbon 
and Other Aircraft Steels 


By Leon C. Bibbert and Julius Heuschkel! 


of all the details mvolved in the specific part The test 
information herein is intended to aid the engineer in 
arriving at those decisions. 

All welding described hereinafter was done with a 
single impulse. No postheating of any kind was used. 
With the latter it is possible to weld almost any steel, 
and the problem of weldability becomes one of merely 
finding the right combination of variables to bring about 
the desired result. It is felt, however, that the single 
impulse welding described in this paper is an interesting 
basis from which to launch further researches into the 
more complicated techniques. 


Base Metal 


Base metals of the following types, grades and thick- 
nesses were welded: 


Thickness, 


Type Grade Range, In. 

C-25 
C-40 

USS Air-Ten C-50 0. 008-0. 030 
C-80 
C-100 

Annealed 
USS 18-8 chromium-nickel < Quarter hard 0.005-0.035 


Half hard 


Full hard 
Dead soft 
S.A.E. 4608 < Intermediate hard 0.010-0.032 
Full hard 
0.012-0.024 
S.A.E. X-4130 Cold rolled, annealed 0.018-0.049 


In Fig. 1 are shown the mechanical properties of the 
five grades of Air-Ten steels. The designations C-25, 
C-40, etc., indicate the minimum yield strength of the 
material in thousands of pounds per square inch. All of 
the Air-Ten steels shown therein have the same genera! 
chemical composition. It will be seen that as yield 
strength increases, elongation decreases. It is probable 
that as more experience is gained in the production of 
these materials, the physical properties, particularly 
elongation, can be improved. 

The mechanical properties of the stainless and alloy 
steels are also shown in Fig. 1. 


General Description of Specimens 


Seven different types of specimens were used in the 
testing: 
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Fig. 2—Details of Spot-Welded Static Test Specimens 
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ATTACHMENTS TO TESTING MACHINE 


3—Loop-Type Tension-Shear Impact Specimen and 
Attachments 


Twist, Fig. 2. ae 

Tension-shear, Fig. 2, U. S. Army Air Force. 

Tension-pullout, Fig. 2, U. S. Army Air 

Tension-pullout, Fig. 2, Bur. of Aero., U. S. Navy 
Dept. 

Looped tension-shear impact, Fig. 3. 


SPOT WELDABILITY AIRCRAFT STEELS 


(f) Special spot-welded continuous tension, Fig. 4. 
(g) Special seam-welded continuous tension, Figure 


The term “‘tension-shear”’ is used to designate ‘‘shear’’ 
specimens because the stress in the weld is not pure shear 
but shear contaminated by tension of an unknown degree; 
also the load is applied by tension. 


In view of the fact that the Bureau of Aeronautics, 


Navy Department, tension-pullout specimens give higher 
values than those of the Army type, Navy specimens 
were not used after the testing of the Air-Ten was 
completed. 


q ‘ ‘ 
OE TAIL OF DETAIL OF SPOTS DETAIL OF SPOTS 


TANGENT SPOTS AT 3/8" CENTERS AT 3/4" CENTERS 


DETAIL OF SEAMWELD 


Fig. 4—Details of Welded Continuous Specimens in USS Air- 
Ten Steels 


|. SMALLER TIP DIAMETER] 2T+0.10" (CONE TIP MAY BE FLAT OF ANY 
2. UNIT WELOING TO OF YIELD STRENGTH OF SHEET 
TOTAL WELOING LOAO (PRESSURE) LBS. MIN 26 YIELD RENGT 
MAX = 39 K (2T¢010)" YIELD STRENGTH 


WELDING TIME CYCLES ONTECRAL CYCLES ABOVE TST MIN 
=300T MAX 


WELOING CURRENT AT OR JUST UNDER THAT CAUSING INTERNAL FLASHING 


Fig. 5—Recommended General Spot-Welding Conditions for 
Thin Sheets 
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SHEET THICKNESS (INCHES) 


Fig. 6—Relation Between Sheet Thickness, Yield Strength and 
Welding Tip Load 


Welding 


The general spot-welding conditions are shown graphi- 
The actual welding pressures, times 


cally in Fig. 5. 
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WELDING RESEARCH SUPPLEMENT 


and ranges of currents used in the tests are given jy 
Figs. 9-13, 29, 30, 38, 40 and 43. In determining the 
recommended general spot-welding conditions as given 
in Fig. 5, the lower limits shown are those below which 
a satisfactory weld cannot be made and the upper limit; 
are those above which excessive indentation would re. 
sult. The middle of the range is to be preferred. 

Tip pressures to be used for the different yield strengths 
and different thicknesses are shown by the curves jy 
Fig.6. These pressures are from the middle of the range 
By means of the data given therein the pressure of the 
welding machine may be readily set. However, jt 
should be realized that rather wide variations in pressure 
are permissible. In general, the shorter the time, the 
higher should be the pressure. 

The square-U specimens were welded before they were 
formed. 

The seam-welding conditions were as follows: 


TESTED 


Fig. 8—Method of Making Direct Tension (Pull-Out) Tests 
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Fig. 7—Method of Making Twist Test 
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Fig. 11—Results of Spot-Welding Tests on C-50 Air-Ten Steel 
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029 029 029 029 29 027 +—= 
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=DiAM INCHES)| 
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Fig. 9—Results of Spot-Welding Tests on C-25 Air-Ten Steel Fig. 10—Results of Spot-Welding Tests on C-40 Air-Ten Steel 
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Fig. 12—Results of Spot-Welding Tests on C-80 Air-Ten Steel 
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Fig. 13—Results of Spot-Welding Tests on C-100 Air-Ten Steel 


0.008- and 

0.018-In. 0.030-In. 

Material Material 
Pressure 150 Ib. 150 Ib. 
Speed 59.4 in./min. 48.2 in./min. 
Current 5500 amp. 5600 amp. 
Time Continuous Continuous 
Wheel width, continuous member = */ in. 1/, in. 
Wheel width, strap 1/5 in. 5/16 in. 

Apparatus 


Two spot welders and one seam welder were used. 
The spot welders were 50 kva. capacity at 440 v. and 
had a throat depth of 18 in. Pressure was applied by 
means of an air cylinder. Actual load was indicated by 
a pressure gage calibrated in total pounds and adjusted 
to include the weight of the moving parts. Current 
control on one machine was by means of taps on the 
welding transformer and on an auto transformer. This 
combination gave a total of 128 steps of control, per- 
mitting very fine adjustment Current control on the 
other machine was by means of taps on the transformer 
and thermionic heat control. Timing on all machines 
was thermionic. One control was capable of minimum 
times as small as one-half cycle and the other, one cycle. 
The seam welder was of 35 kva. capacity. 

The twist specimens were tested by means of the 
simple little device shown in Fig. 7. 

Tension-shear and tension-pullout specimens were 
pulled in standard testing machines. The U-tension 
specimens were held during testing in a jig similar to that 
shown in Fig. 8. 

The impact specimens were tested in a Tinius Olsen 
30 ft.-Ib. combination impact tester at the Materials 
Laboratory of the U. S. Army Air Forces at Wright 
Field, Dayton, Ohio. Special attachments, as shown in 
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Fig. 3, were made to enable the specimens to fit into the 
machine. Low temperatures for the impact tes 


were obtained in the cold room at Wright Field. me 


Procedure 


In determining the angle of twist, the protractor shown 
in Fig. 7 was centered over the spot and the zero point 
marked with a pencil. The specimen was then twisted 
slowly and steadily by hand and the angle at failure anq 
character of the fracture noted. The diameter of the 
welds was measured with a scale (graduated to 0.01 in.) 
across the fracture on two diameters at right angles to 
each other, or was taken from macrographs. The dj. 
ameters were taken from edge to edge of the melted 
metal. 

From observations of the tension-shear and tension- 
pullout testing, ultimate strength and mode of failure 
were recorded. 

All impact testing was done in a testing machine lo. 
cated in the cold room at Wright Field. The specimens 
were placed in the room for a period of at least '/, hr. 
before they were tested, to permit them to come to tem- 
perature. Before the testing was done, the pendulum 
was swung with all the attachments in place to obtain 
an initial reading which could be subtracted from the 
results obtained from the actual tests. 

Macrographic examination was made of one weld for 
each welding condition. Only typical macrographs are 
shown herein. 

In converting the test data obtained from steels of a 
few thicknesses to the minimum averages shown in Figs. 
14, 16, 18, 20, 31, 33 and 35 for many thicknesses, an 
intermediate step not shown in the paper was taken. 
The yield strengths, ultimate tensile strengths and other 
physical properties of the individual specimens tested 
did not conform to the arbitrary grade boundaries, 
25,000, 50,000, etc., but varied over a considerable range 
within the grade. The exact values of the welding test 
data were plotted against the exact physical properties 
of the individual specimens and a family of curves show 
ing the relation between thickness, ultimate or yield 
strength, and the particular spot-weld property in 
question was obtained. Cross curves or contour curves 
crossing this family at the 25,000, 50,000, 75,000, etc. 
points enabled the minimum average values shown in 
Fig. 14, etc., to be obtained. These data were then 
plotted to construct the curves shown in Figs. 15, 17, 
etc., wherein the values for the different grades of steel 
are depicted as lying in bands or zones. The use of 
these areas comes about because the physical properties 


of the steels fall within ranges and are seldom the speci- 
fication minima. 


Results of Tests 


In the accompanying figures are given the results of 
the many tests carried out to investigate the spot 
weldability of the various steels. Complete chemical 
and physical properties, together with all welding con- 
ditions, are shown, as well as the results of the actual 
testing. It is believed that specific results of this char- 
acter will be helpful to the reader. 


Observations 
General 
The angles of twist, the shear and pullout strengths 
and impact values given in the tables are the averages 
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of the results obtained from 15 to 20 specimens in shear, 
and 9 to 121n twist and pullout, and 3 in impact. 
In very few cases for any type of test did the spot 


welds fail by shearing across the spot. In the tables a 
“RB” following a value indicates the pulling out of a 
single button or slug. When this happens, the failure 
is really the failing of the base metal around the per- 
ipher) of the spot. In some cases buttons were pulled 
from both members. This condition is indicated by a 
“BB.” 
Twist Testing 

In twist testing failure generally occurs in two ways: 
(a) at the outer edge of or completely outside the heat- 
afiected zone, as shown in Figs. 41, 42 and 44, or (4) across 
the ingot in the plane of the joint. In the former, the 


test measures the ability of the spot weld to develop 
the torsional shear strength of the base metal; in the 
latter, the test measures the ‘‘twistability” of the weld 
itself. In either case the twist is a variety of plasticity 
or “‘abusability”’ test. 

Minimum average ultimate angles of twist for USS 
Air-Ten are given in Fig. 14. These values are plotted 
in Fig. 15. It will be seen from the latter that lesser 
angles of twist were secured for the 0.008-in. material. 
This may be due in part to the buckling which obtains 
when an attempt is made to twist such thin material. 
The maximum angles of twist occurred at thicknesses 
ranging from 0.015 to 0.025 in. Lesser values were 
secured from the thicker materials, and considerably 
greater angles of twist were obtained from the more 
ductile ones. In thicknesses greater than 0.030 in. test 
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25,000 40p00 50,000 80,000 | 100,000 
fs — . Fig. 15—Relationship Between Sheet Thickness and Ultimate 
O PRACTICALLY ALL WELDS FAILED BY PULLING BUTTONS FROM SHEET. Angle of Twist for Spot Welds in USS Air-Ten 


Fig. 14—Twist Data for Spot Welds in USS Air-Ten Steel Sheets 
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< z z - 
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006 125 a6 — / 
° 240 “4 7 
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0.012 350 245 172 80 165 230 255 350 400 | z Tif 
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A040 f 1900 | 1350 945 345 310 202 940 | 1150 200 
oc45 9 2350 1670 [| 1170 405 365 234 1100 | 1360 
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r 1S 75,000 TO 130,000 
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Fig. 16—Tension-Shear Data for Spot Welds in USS Air-Ten 
Steel Sheets 
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Fig. 17—Relation Between Sheet Thickness and Shear Strength 
7” of Single Spot Welds in USS Air-Ten 
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Fig. 18—Tension Pull-Out Data for Army (1-In.) Specimens, in 
USS Air-Ten Steel Sheets 


MINIMUM AVERAGE IMPACT VALUES 

SHEET FOR SINGLE SPOTS INTENSION-SHEAR (FT-LB) ® 
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0026 0.8 87) 7.9 10.4| 74 96 |.74| 67 | 69 62] 60| 61 | 55 
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0045 } | 
0.080 | | 
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Fig. 20—Tension-Shear Impact Data for Spot Welds in USS 


Air-Ten 


data are meager and those portions of the curves are 
accordingly shown in dot because of the doubt as to their 
exact location. 

In Fig. 32 is shown the relation between angle of twist 
and sheet thickness for the four grades of 18-8 chromium- 
nickel steels. It will be seen from a comparison with 
Fig. 15 that the twist values for the softer steels are very 
similar, but that the twist values for the full-hard stain- 
less steel are much greater than those for the C-100 
Air-Ten steel, despite the fact that the 18-8 has a yield 
strength from 30 to 60% greater. Also the general trend 
of the two families of curves is similar. 

In Fig. 45 is shown the relation between elongation 
in 2 in. and angle of twist for all the 0.018-in. steels in the 
investigation. It will be seen that the curve for Air- 
Ten steel is a straight line, indicating that in a steel of 
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MINIMUM AVERAGE PULL-OUT STRENGTH 
SHEET FOR SINGLE SPOTS (POUNDS) 
THICKNESS 120 
CONCHES) USS AIR-TEN 
c-s0 c-80 c-100 
0.004 
0.006 
1000 
0.008 6s 55 40 35 30 
0.010 90 60 55 
4 = 900 
0.012 125 110 85 75 75 rat 
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0.014 160 145 110 100 90 4 
a 800 
0.016 200 180 140 130 120 
0.018 240 220 175 60 150 e 700 . 
0.020 285 260 200 185 
0.022 330 300 255 240 220 e | 
600 
0.024 380 350 300 285 260 2 Om 
OFS 
0.026 430 400 350 330 300 3 V: Ape 
500 vo 
0.028 490 460 405 380 350 eg 
0.030 550 510 470 435 400 sod W274 
0.035 700 655 
0.040 860 800 see y | 
0.045 1025 950 a 
0.050 1200 1100 200 | 
MEN. YLELO 
STRENGTH 
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@ PRACTICALLY ALL WELDS FAILED BY PULLING BUTTONS FROM SHEET 000.005 010 015 020 025 030 035 040 045 O50 
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Fig. 19—Relation Between Pull-Out Strength of Army (1-In) 
Specimens and Sheet Thickness in USS Air-Ten 


zero ductility, an angle of twist of about 30° could be 
obtained. No 0.018-in. material of 0% elongation was 
available, but spot welds in 0.010-in. thick material of 
practically 0% elongation gave angles of twist of about 
20°, definitely showing that as a result of the annealing 
effect of the welding, appreciable angles of twist are 
possible in Air-Ten steels of low ductility. 

The stainless steel curve shows that much larger angles 
of twist can be obtained from full-hard 18-8 chromium- 
nickel steels. The upper part of the curve is, in effect, 
a continuation of the Air-Ten curve, and indicates that 
the stainless carries on from the point where greater 
ductility in the Air-Ten is no longer possible. 

The curve for the 4608 steels follows the same trend 
as that for the Air-Ten, but the angles of twist are smaller 


IMPACT VALUES (F T-L8) 
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Fig. 21—Relation Between Impact Values at +-75° F. and Sheet 
Thickness in USS Air-Ten Steel 
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Fig. 22—Relation Between Impact Values at —22° F. and Sheet 
Thickness in USS Air-Ten Steel 
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Fig. 24—Typical Failures in Spot-Welded Tension- Shear Impact 
Specimens 
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Fig. 23—Relation Between Impact Values at —68° F. and Sheet 
Thickness in USS Air-Ten Steel 
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Fig. 25—Typical Sections of Spot Welds in USS Air-Ten Steels 
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ver Mare OF TESTS OF wick SPECS EF FICIENCY TYPE tHickwess | UETIMATE 
TH STRENGTH ict 
sporweco | LOCATION | wine spotweip | VETIMATE LOCATION ney 
ST'D spec | spacing | STRENGTH S1/0 SPEC | spacing | STRENGTH 
STEEL SHEET (PS1) (esi) FAILURE SPECIMENS STEEL SHEET (si) (si) FAILURE SPECIMENS 
46:10 102000 
UNWELOED 98000 
$8120 | OUTSIOE | oF w 
ANG. 45800 22209 90.5 
46310 OUTSIOE 195 200 OF w 
Ais 48300 104.) AVG 194800 0206 
46 160 OUTSIDE w 10 2600 
TANGENT 40106 EOGE OF TANGENT 
AYG 48109 102.4. AVG 19° 100.4 
60 OUTSIO 8480 E0GE OF 
WELOEO — WELDED 
AY 106.7 AVG 95.9 
unweioeo | 32000 UNWELDED 
497990 Ave 113 200 103.3 
22000 OUTSIOE W Ty 
20088 | 113100 | or w 
c-25 AVS 1030 AVG 116700 104.6 
OUTS'0E w T8020 EDGE OF W 
1000 Tsic 119.000 
31999 194.1 AYS. 115.800 
SEAM TESTS NOT MADE Seam 
WELOEO WELOED 90850 
AVG AY. 901909 608 
101200 j 
UNWELDED | ——— UNWELOED 
avcl 46000 22.3 [NTA 02300 102.0 fe ans 
46500 “OUTS Ct W 103600 | OUTSIDE w rat 
We"CENTERY 38550 wa"CENTERS| 100800 " 
4630 908 ave 100.1 
99000 OUTSIDE Ww = 
030" |avecenters} w C-100 .030" '9) 990 
ay 45900 92.0 avc [99500 
46700 w 192900 OUTSIDE w 
AYS. 16800 190.9 AVG 193190 102.7 
Fig. 26—Results of Tensile Tests to Determine Influence of Fig. 27—Results of Tensile Tests to Determine Influence of { eh 
Welding on Strength of C-25 Air-Ten Steel Welding on Strength of C-100 Air-Ten Steel % 3 ot 
for the same elongation. Greater elongations were =e 
obtained in the full-hard 4608 than in the C-100 Air-Ten. 1 iy J 
The values for the modified 8620 and the X 4130 steels unweoe ; Lat 
The few data obtained in other thicknesses show that / {es 
he points for 4017 steel li 1 hose of th ;" | Pe 
the points for steel lie very close to those of the | 4 ; ' 
modified 8620. “> | | 
The curves in Fig. 45 are drawn for 0.018-in. thick ‘c 2" ; te 
material only. The curves for 0.010 and 0.030 in. are = et | os 
very similar and are not shown. se: Seger | i 
In the lighter gages in the more ductile stainless steels | TANGENT : 
twist testing was impractical because of the buckling of = act ' 
the specimen. The twist test, while not directly usable » ‘0/54 i 
in design, is very useful in checking the settings of the ; pencauead ir 
welding machine, because the tests can be made at the ‘ | 4 
machine with the aid of the device shown in Fig. 7, ,* 2° 
and a good indication of the merit of the weld determined ; 
at once. i = 
The unit shear strength in pounds per square inch, as ) TANGENT ‘ % 
given in the tables, is calculated in accordance with } & 
common practice, by dividing the load in pounds by the Ata g 
area of the spot. It will be seen that the calculated unit — 
shear strength for the lighter gages is very low and that § ——— 
for the thicker gages approaches the ultimate shear iy 2" 
strength of the sheet. Such unit shear strengths are not | § 
true values because, in the thicknesses involved here, ‘ y 
failure seldom occurs across the area of the spot. It is ir * k 
probably desirable for the designer to use the total shear wee ’ 
strength of the spot rather than a fictitious unit shear *) } TANGENT P 
In Fig. 16 the derived minimum average shear gs TANGENT : ‘ 
strengths of single spots in various thicknesses of USS Ca “Sener. I 
Air-Ten are tabulated. The values are conservative and 
can readily be exceeded. The U. S. Army Air Forces Fig. 28—Final Appearance of 3-In. Spot-Welded Tensile : 
minimum requirements for steels, aluminum alloys and Specimens in C-100 Air-Ten Sheets : 
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magnesium alloys are also included herein for conveni- 


ce. 
o The Air-Ten values are plotted in Fig. 17. It will be 
seen that the shear strengths of the spots in the USS C- 
g0 and C-100 Air-Ten steels are equal to or slightly 
greater than the Army requirements for spots in steels 
having ultimate tensile strengths greater than 130,000 Ib. 
per sq. in. The strengths of spots in C-50 Air-Ten are 
sreater than the U.S.A.A.F. requirements for steels 
having ultimate strengths from 75,000 to 130,000 Ib. per 
sq. in.; the strengths of spots in C-25 Air-Ten are in some 
cases less, and in others greater, than the Army require- 
ments for the strengths of spots in steels having ultimate 
tensile strengths less than 75,000 Ib. per sq. in. 

[he values given in Fig. 16 can be safely used as a basis 


of design after suitable factors of safety have been ap- 
plied. 

It will be seen from Figures 17 and 34 that the shear 
strength in pounds for USS Air-Ten and 18-8 chromium- 
nickel steels increases with thickness. This, of course, 
results from the fact that the size of the weld is increased 
directly with thickness. However, since failure occurred 
around the periphery of the spot and the circumference 
varies directly with the size of the spot, the strengths of 
the welds are varying more nearly as the first power than 
as the second power, which would be the case if the 
strength varied as the square of the diameter. 

In Fig. 33 are shown the U.S.A.A.F. requirements for 
strengths of spotwelds in steels having minimum tensile 
strengths from 75,000 to 130,000 Ib. per sq. in. and the 


PRACTICE COLD ROWED AIR COOLED 
(QUARTER HARD) @NNEALEO) PRACTICE COLO ROLEEO (Fur COLO ROLLED (HALF 
THICKNESS (t) | | ,015* | | .o10" | .o12" | | THICKNESS (2) 005" oe" 035" .008 010 032 
123 125 1TEM WO ms 120 22 
MN | 1.40 1.34 136 mn] 1.37 1.34 | 1.24 1.32) 
wij 7.22 7.38 | 7.68 | 7.60 | "7.1? 
(731) 73900 | #6450 | 106100 | 10150 | 37550 | 36550 | Soz00 | 34750 = 165500 | 132350°] 142150 | 136050 | | 127950 
ULTIMATE ULTIMATE 
STRENGTH (PS!) 132200 134100 | 143100 | 140200] 100950 | 103550 02150 | 124400 STRENGTH (PS 1) 194950 163000 169550 180100 te 775850 $5000 
IN ELONC IN 2" 4s 250 on 325 295 
62.5 66.5 408 428 60.8 76D 655 70.5 att ' 2 ' 2 
OLAMETER DIAMETER 14 17 12 14 
Ne Le | 450 450 600 800 350 350 450 600 ° | Le $00 730 1000 450 $00 700 #00 
32 Psi | 39800 | 39800 | 38900 | 39800 | 3:000 | 31/000 | 29200 | 29800 eg jess 52700 | 48700 | 44000 | 47400 | 44300 | 45400 | 44800 
time | t-2-3 | 2-3-4 | 2-4-5 | 3-5-10] 1-2-3 | 2-3-4 | 2-4-5 | 3-3-10 TIME (CYCLES) | 172-1-2 | 2-4-8 | 3-710 | 172-1-2 | 2-3-4 | 2-4-5 | 3-5-0 
voUTAGE 3.4 3.6 4,0 4.5 3.1 3.6 40 4.5 Tip vourace 4.0 36 4.0 4.5 
CURRENT : TURAENT 6500- 6600 - $600 S700 6800 
(ame) 4700 4800 $000 $400 4600 4800 3000 $500 LAMPS) _ 4300 390 2/29 4299 289 2229. 
SIZE (a) SIZE (4) 
INCHES) “15 45 46 ( = DIAM INCHES) se 23 ~ 
Ratio (4/t) 12-2 6.7 6. $.4 13-0 i25 7.4 $3 RATIO (4/7) 200 7.8 6.3 13.8 13.0 6.3 4.4 
= 
OF ywist 528 | 107s eis 518 738 | 149s 90s O4 twist (occ) 208 ees ase 678 ees ees 
3558 3168 ae 73908 10008 3a 20:8 vise 27078 3808 4768 (306s 
Se Ps! 37400 23800 | 23300 | 46000 | 49800 a 25400 $9400 71300 40000 33000 30300 @8900 
a a 
788 5268 1208 12088 2208 20ee 6498 
PULLOUT 55, | s8300 | 71600 | «9500 | 58900 | | 52500 | 62400 | S0200 PULL-OUT a2700 | 66500 | 26300 | 46600 | s6000 | 48200 | 80300 
“B= SINGLE BUTTON @wnor IN FIG. 1. BELOW MINIMUM SPECIFICATIONS 
"98": DOUBLE BUTTON SINGLE BU 
“SS “88 =OCOUBLE BUTTON 
SHEAR 
Fig. 29—Results of Spot-Welding Tests on 18-8 Cr-Ni Steel Fig. 30—Results of Spot-Welding Tests on 18-8 Cr-Ni Steel 
MINIMUM AVERAGE ANGLE OF TWIST 
SHEET FOR SINGLE SPOTS (DEGREES) 
TH'K 18-8 CR-NI 
(INCHES) 
ANNEALED HARD FULL HARD 
= 
0.004 
8 
0.006 29 25 22 20 
0,008 40 35 30 27 : 
0.010 st a6 36 
0.012 6s 52 46 
0014 77 66 $7 
— 
0016 106 90 60 70 
4 
0.018 Tr.) 84 79 2 
0.020 nee 96 65 60 3 
0.022 109 94 63 
0.024 6°. 79 75 | 
0.026 100 64 74 69 
0.028 67 63 
0.030 8? 7 61 57 
MIN, ULTIMATE 
STRENGTH OF 73,000 125000 130,000 185,000 Roo 005 O15 020 025 030 O35 
SHEETS SHEET THICKNESS UNCHES) 
Fig. 31—Twist Data for Spot Welds in 18-8 Cr-Ni Steel Fig. 32—Relation Between Sheet Thickness and Angle of Twist 
for Single Spot Welds in 18-8 Cr-Ni Steel 
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| 
pag MIN AVG. SHCAR STRENGTH | 
OF SPOTWELOS FoR spoTweios (Las) 
of 
31808 § < — = 
food < « = ——} 
- z ar iz z « z 3 
2 
0.006 125 66 190 220 260 | 
0.008 200 140 205 255 300 340 - 
0.010 275 190 260 320 380 435 IC) 
z 
0.012 350 245 320 390 460 520 ¥ 
0.014 420 294 380 460 540 610 T 
| 
0.016 $00 350 440 $40 625 710 3 
| 
0.018 $75 400 $00 615 715 810 
0.020 650 455 360 680 790 910 soo i 
0.022 735 $15 630 765 890 1000 r 
0.024 830 562 700 650 985 1100 = 
0.026 925 650 780 935 1080 1228 Fe | 
6 
0.028 1040 735 660 1030 1165 1340 | 
| | 
0,030 1160 6i2 940 1130 1300 1475 | 
0,035 1500 1070 _ 1840 “+ 
75,000 125,000 150,000 185,000 = 7 “S-—USAAF MIN FOR STEE 
OF SHEETS (PSI) WITH UTS BELOW 
@ PRACTICALLY ALL WELDS FAILED BY PULLING BUTTONS FROM SHEETS i ee. q Tt, Pal 
: 
Fig. 33—-Shear Data for Single Spots in 18-8 Cr-Ni Steel va 
— USAAF MIN FOR STEEL WITH | 
7 UTS ABOVE 130,000 Ps: 
Fig. 34 (Right)—-Relation Between Sheet Thickness and Shear 0 i 
Strength of Single Spot Welds in 18-8 Cr-Ni Steel 020 ozs 030 as 


minimum average strengths derived from the test data 
of spotwelds in USS stainless steels. The latter are con- 
servative, and with proper factors of safety can be used 
as a basis for design. 

In Fig. 34 it will be seen that the character of the curves 
for the stainless steels is very similar to that of the curves 
for Air-Ten, Fig. 17, but the strengths of the spots are 
greater and considerably above the U.S.A.A.F. require- 
ments. 


The tension-shear values of the spotwelds in 4608 steel 


SHEET THICKNESS (INCHES) ai 


are shown in Fig. 38. A comparison of the actual values 
with the U.S.A.A.F. requirements will show that the 
strengths of the full-hard 4608 spotwelds are in excess of 
the U.S.A.A.F. minima for steels having strengths 
greater than 130,000 Ib. per sq. in. 

The actual tension-shear strengths for the 4017 and 
modified 8620 steels are given in Fig. 40, and are in excess 
of the U.S.A.A.F. requirements for steels having strengths 
greater than 130,000 lb. per sq. in 


The actual tension-shear values for X 4130 are shown 
100 
MINIMUM AVERAGE PULL-CUT STRENGTH | 
SHEET FOR SINGLE SPOTS (POUNDS) © 
TH'K CR-NI 
(INCHES) 900) 
ANNEALED 144 HARD 1/2 HARD FULL HARD 
0004 
0006 70 go 100 105 800 
0.008 105 130 145 165 
0.010 35 175 90 220 
0.012 170 215 250 290 
0.014 210 265 305 355 
0.016 250 320 370 425 a. 
oor 265 370 435 490 2 
0.020 330 430 495 560 é 
0.022 380 495 565 635 5 so 
0024 430 $55 630 710 
= 
0.026 480 615 700 785 3 =f 
= 
0.028 $30 67s 770 660 3 40 / 
0030 $90 740 640 4 
MIN, ULTIMATE 
STRENGTH OF 73,000 125,000 150000 8 
Q@PRACTICALLY ALL WELOS FAILED BY PULLING BUTTON FROM SHEET 
Fig. 35—Tension Pull-Out Data for Army (1-In.) Specimens in 200 Z| | 
18-8 Cr-Ni Steel a 
100 
Fig. 36 one Perr Between Pull-Out Strength of Army (1-In.) 
Specimens and Sheet Thickness in 18-8 Cr-Ni Steel 
SHEET THICKNESS (INCHES) 
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ITEM 15 Time USED Tension-Pullout Testing 
In practically no case did any of the spotwelds fail by 
& [ae v2 direct tension across the area of the spot. The pulling 
ss out of a button is really the shearing of the base metal 
F. =; , around the periphery of the spot. The unit pullout 
= } strength in pounds per square inch, as given in the tables, 
4 ; is calculated by dividing the load in pounds by the peri- 
Z ITEM 117 TIME USED pheral area around the spot. 
SHEET THICKNESS 0.018" (CYCLES) 
3 THICKNESS (t) | ore" | | pro” | | | 32° 
| 008 | 006 | 008 | | 008 | 008 | | 008 | 
42:00 | 44880 | 40600 | $5975 | $0000 | «8675 | 62375 | 56200 | 65500 
¥ STRENGTH 49900 | 45625] 40675 | 55850 | 49425 47625 16450] 101500] 
ITEM 116 TIME USED 64000 | 62300 $6900 | 66550 | 63075 | 63450 125675 | 110550 | 
IB IN 205 | 2975] 300 | 20.5 | 20.9 | 26.9 | 5.65 = oe 
.6 375 420 575 420 460 $20 $40 
| 2 Z| | — — - — 
6° PS! | 33100 | 27300] 20:00 | 33100 | 27300 | 22400] 44200] 33700] 26000 
TIP VOLTAGE de! 4,0 4.5 3. 4.c 4.5 40 as 
7 (aves) 6300 6300 6300 660 6000 720: 
4 Ratio (e/t) 20] 0.3 $3 20 | 8.3 $3 20 
lue i = a Twist 678 see | ese 748 a8 | | 248 | 268 365 
th ou | 8 23:8 37368 7038 22108 4548 3648 328 
€ 
Ss of 20400 | 21200] 34900 9600 | 25600 | 37100 | 32300 | 47500] se700 
our less 20400 | 0° 20700 | 19900 p23800 | 24400] 19/00 9200 | 18600 
; |-22] 1.48 | | —— | 4.26 | —— 128 | 3808) — 
gths 1 4 1.68 |7.2808) —— | 1.788 | —— | 3.7808) 
S"= SHEAR 
Fig. lla a de thay in Full Hard 18-8 Fig. 38—Results of Spot-Welding Tests on 4608 Steel 
7) 
ITEM 65 
63 omer 0.03 
SHEET THICKNESS oon” (v2 WELDS 
d 
: in Fig. 43, and are considerably below the Army re- 
4 ' quirements for steels having ultimate tensile strengths 
| ' greater than 130,000 lb. per sq. in. However, it should 
: ' be borne in mind that the X 4130 steel in the tests was 
made to a maximum ductility, and as such is not com- 
parable to a strong cold-worked steel. 
; In Fig. 46 is shown the relation between tension-shear a Ee 
strength and ultimate tensile strength for all the grades rs 
of steel in the investigation. It will be noted that the 
strength of the spots increases with thickness. The (34 WELDS) 
| strength of the spots does not increase directly with in- 
| crease in strength of the base metal but falls off in the 
| stronger sheets. This is probably due to the annealing 
| effect of the heat of welding on the strength of the cold- 
_ worked material. In Fig. 47 are shown typical tension- 
_ shear failures in a hard steel. Failure has occurred in- 
_ the zone subjected to the maximum temperature. 
; It will be seen from Fig. 46 that the points for all the 
| steels except X 4130 lie on the curves fairly well, much 
i better than in the case of the twist tests (see Fig. 45). 
| This shows that for a given sheet thickness all the steels 
' in the investigation, with the exception of X 4150, have 
the same general spotwelding strength for the same ulti- a Ki inetd 
i mate tensile strength. It should be noted that the stain- oe 
less steels are capable of developing much greater Fig. 39—Photomacrographs of Spot Welds in Full Hard 4608 
ee 
strengths than the others. 
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The unit ‘‘shear’’ stress for the lighter gages is very 
low, whereas for the thicker gages the unit ‘‘shear”’ 
stress more nearly approaches the shear strength of the 
base metal. This is due to the fact that the thinner U- 
specimens bend to a greater degree and concentrate 
stresses more at the two outer points of the periphery 


of the weld. In the case of the thicker members, less 
bending occurs and a greater uniformity of stress dic 
tribution obtains. 

In Fig. 18 are given the derived minimum average 
pullout strengths for USS Air-Ten steels. These valye 
are plotted in Fig. 19. It will be noted that the differeng 
in pullout strength for the various grades is much Jes 
than was the case with tension shear. 
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Fig. 40—Results of Spot-Welding Tests on 4017 and Modified 
8620 Steels 
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Fig. 41—Spot Welds in 0.024-In. 4017 Sheets 


KINO OF STEC. MODIFIED 8620 3017 The curves show that the strengths increase with 
THICKNESS (t) 02 on” 24 O12" 026 thickness more nearly as the first power of the diameter 
NO rather than as the square, as would be the case if the 
area of the spot were in uniform direct tension 
4 219 oie It will be seen from the values in Figs. 9 to 13 that 
awacysis 33 24 24 32 about 10% greater strengths are obtained from the 
38 = -- wider Navy type specimens. This is because the wider 
= 20 20 2 ZB specimens do not deflect so much as the narrow ones 
etacmatategs) | '89600 129300 119200 13.400 120230 and hence do not create such intense concentrations of 
oO! 
(esi) _'29250 120800 120080 140700 stress at the two outer points of the periphery of the 
65 6.5 90 8.5 2.5 weld 
PERCENT) . 

In Fig. 35 are given the derived minimum average 
$30 100 050 800 pullout data for USS stainless steels. These values are 
43500 48000 48000 plotted in Fig. 36. It will be seen that in the 18-8 
Bl Han steels also the pullout strength increases more nearly as 
20 as as the first power of the diameter of the spot. 

CURRENT 7$00 6:00 7$00 6:00- 
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RATIO (ert) 12.5 6.9 3.6 PHOTOMACROGAAPHS es) 
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ah 
iS 31000 41300 47400 347060 66900 
Pa] eucour [p5, [3800 14700 15/00 4400 25200 
+75 2.28 7.208 6.98 7.688 — 
imPacT 
(*T-.8) | -22 1.988 206 44388 1e36 we 
‘ 
-668 1088 3:88 42068 1.538 5.38 wa 


Fig. 42—Spot Welds in 0.024-In. Modified 8620 Sheets 


Higher pullout values are obtained in the 18-8 from 
the harder steels. This is the reverse of the condition 
in the Air-Ten steels (see Fig. 19). It is probable that 
the increased pullout strength of the 18-8 steels results 
from the fact that the heat-affected zone has adequate 
“ductility” to utilize the higher strength of the base 
metal. 

In Fig. 48 the pullout values for all the steels are 
plotted against ultimate tensile strength. It will be 
seen that in the Air-Ten steels and the 4608 pullout 
values are decreasing with increased strength, whereas 
in the stainless steels the reverse is true. 
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CRACKED DURING WELOING 


Fig. 43—Results of Spot-Welding Tests on X 4130 Steel 


The points for the modified 8620 and the 4017 are not 
so far out of line in the pullout test as they are in some 
of the other tests. The values for X 4130 are low. 

In Fig. 49 the pullout values are plotted against 
ductility. Here again the opposite trends of the Air- 
Ten and stainless steels are apparent. The curves 
indicate that steels of zero elongation in 2 in. would have 
definite pullout values, and that those for the stainless 
would be considerably higher than those of the Air- 
Ten. In an Air-Ten steel of practically zero elongation 


Fig. 44—Spot Welds in 0.030-In. X 4130 Sheets 


in 2 in., a pullout value conforming to the curves was 
obtained. 

From the above it will be apparent that for a specific 
type of steel the pullout test, is influenced both by 
ductility and strength. Often the ratio of pullout 
strength to ‘“‘shear”’ strength is used as an indication of 
ductility. 

Generally speaking, spot welds should not be loaded in 
tension. However, if a weld were to be subjected to 
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Fig. 45—Relation Between Ductility of 0.018-In. Sheets and 
Ultimate Angle of Twist 
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Fig. 46—Relation Between Ultimate Tensile Strength of Sheets 
and Ultimate Tension-Shear Strength of Spot Welds 
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tension, either by design or as a result of buckling, the 
tension pullout values given in Figs. 18 and 35 could 
when safeguarded by adequate factors of safety, be used 
as a basis of design. 
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Fig. 47—-Tension Shear Failures of Spot Welds in 4017 Sheets 


4000 


Impact Testing 


In Fig. 24 are shown the various types of failure 
obtained in the impact testing. In all cases in the Air. 
Ten steels and in most cases in the others, buttons were 
pulled, sometimes in one sheet, sometimes in both 
Varying degrees of tearing occurred in one or both sheets 
The energy absorbed in foot-pounds was almost propor. 
tional to the amount of tearing that occurred. Those 
specimens which tore considerably gave higher impact 
values than those which tore less. 

The derived minimum average impact values for the 
various thicknesses and temperatures of testing for 
USS Air-Ten steels are shown in Fig. 20. Those values 
are plotted in Figs. 21, 22 and 23. It will be seen that 
the families are close together, indicating that difference 
in grade does not influence impact value greatly. Also 
it will be noted that change in temperature has little 
effect. 

In Fig. 50 are plotted the impact values of the Air- 
Ten and alloy steels against ultimate tensile strength. 
The curves shown are for 75° F. only; the curves for 
the other temperatures are similar and are not included 
herein. 

In the Air-Ten, the impact values decrease slightly 
with increase in strength, particularly in the thinner 
sections. 

The values for 4608, 4017 and modified 8620 also fal! 
in line fairly well, but the impact values for X 4130 are 
very low. 

In Fig. 51 are plotted the impact values of the Air- 
Ten and alloy steels against elongation in 2 in. In the 
Air-Ten steels, increase in ductility causes an increase 
in impact value. 

The points for the 4608, 4017 and modified 8620 steels 
conform fairly well to the general pattern. The X 4130 
steel is again out of line. 

The curves show that for steels of 0% elongation in 
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Fig. 48—Relation Between Ultimate Tensile Strength of Sheets 
and Tension Pull-Out Strength of Spot Welds 
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Fig. 49—Relation Between Ductility of Sheets and Tension 
Pull-Out Strength 
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9 in. positive impact values can be obtained. 
values wer re secured on a steel of practically 0°% elonga- 
tion 2 in. 


Such 


Macrographic Examination 

In Fig. 25 are shown typical spot welds in the various 
thicknesses of USS Air-Ten involved in this test. The 
ingots or nuggets and heat-affected zones are clearly 
shown in the various views. In the 0.036-in. material 
one slight blowhole or void will be seen. Such holes 
are not uncommon in spot welding and generally speak- 
ing are of little significance. In practically all cases 
throughout the thousands of specimens used in this 
test, the center of the weld was never loaded because 
failure occurred around the periphery. Even if failure 
should occur by shearing across the area, a spot weld 
that was an annular ring, but otherwise sound, would 
have considerable strength 

In Fig. 37 are shown typical spot welds in USS 18-8 
chromium-nickel steels. 

In Fig. 39 are shown spot welds in 4608 steel. 

In Figs. 41 and 42 are shown typical spot welds for 
4017 and modified 8620 steels. 

In Fig. 44 are shown spot welds in 0.030-in. X 4130 
steel. It will be seen that cracks are visible in both 
welds. In the 0.030 in. thickness and below, cracks 
were found in the welds; in thicknesses 0.036 and 0.049 
in. cracks were not visible in the macrophotographs, but 
they may have been present. 

The authors feel that the macrographic specimen is 
one of the most useful in determining the merit of a 
spot weld. 


Testing to Determine the Effect of Spot and Seam Welding 
on the Tensile Strength of Continuous Members of USS 
Air-Ten Steels 
Before these steels which have had their yield strengths 
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Fig. 50—Relation Between Ultimate Tensile Strength of Sheets 
and Impact Values of Spot Welds at +75° F. 


1943 


SPOT WELDABILITY AIRCRAFT STEELS 


increased tremendously by cold reduction could be recom- 
mended for important strength members, it was neces 
sary to investigate whether or not their ultimate strength 
would be loc: illy reduced by the heat of welding. The 
specimens shown in Fig. 4 were used for this purpose. 
The results of the tests on the soft C-25 gré ide and the 
strong C-100 are given in Figs. It is not 
necessary to include the intermediate 
grsade herein. 


26 Zé. 
results on the 


Typical tested specimens are shown in Fig. 28. It will 
be seen that buckling occurred in the very thin material 
to such an extent that the small straps attached to the 
specimen were also buckled 


In the third column of Figs. 26 and 27 
results of tests made by means of the 
wide A.S.T.M. specimens. The ratio of the strengths 
obtained from the 3-in. wide specimens in the identical 
material to those obtained on the '/s-in. specimens is 
shown in the last column, and has been called the ef 
ficiency of the 3-in. wide specimens. It is interesting 
to note that in many cases the unwelded wide specimens 
were stronger than the corresponding narrow specimen. 


are given the 
standard '/-in. 


In most cases the strength of the welded specimen 
was slightly greater than that of the corresponding 
'/>-in. A.S.T.M. unwelded base metal specimen. In 
those cases where the strength was not so great, the loss 
was so small that it can be considered negligible. It is 
believed safe, therefore, to consider that spot welding, 
even where the spots are so closely spaced as to be 
tangent to each other, does not harm the strength of 
Air-Ten steels. 

In a spot weld, even if the spots are made tangent or 
overlapping, the weld has cooled below a black heat 
before the next weld can be made. In a seam weld, 


20 


| 
| } 
| | 
"THICK 
| 
14 
LEGEND 
O—AIR-TEN 8620 
a x4130 
Ji2 
| | 
| 
10 
J 
< 
> | 
| 
a 6 
> o+— O19" THICK O18" 
- 02a"T ove" 
ot 
6 
o12° THICK 010" "THICK 
THICK 
| 
% 10 20 30 40 $0 60 70 
ELONGATION IN 2” (PERCENT) 


Fig. 51—Relation Between Ductility of Sheets and Impact 
Values of Spot Welds at +75° F. 
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do not find these relative values to be the same. 
general, using somewhat higher carbon and higher man- 
ganese in our base steel, will obtain a tensile strength and 
a yield point after the 1200° stress relief, of at least 


however, regardless of whether the current is on con- 
tinuously, as was true in this test, or interruptedly, as 
is often the case, there is a much greater amount of 
heat in the steel at any one time than with spot welding. 
If the steel has been severely cold worked in manufacture, 
the annealing effect of the seam welding will reduce the 
strength of the base metal appreciably, as can be seen 
in Fig. 27. 

This annealing effect is most noticeable in the thicker 
gages where heat is retained longer. In no case was the 
loss in strength more than 20%, and in the C-80 and 


weaker grades, the loss can in most cases be considered 
negligible. 


Concluding Remarks 


Approximately 4000 specimens were tested in the 
course of this investigation. It is believed that such a 
large mass of data provides adequate statistical informa- 
tion to enable reasonably accurate conclusions to be 
drawn. It is felt that the most important part of the 


work is the establishment of the relationship betwee, 
the spot weldability of the different tempers or grade« 
of steels of the same nominal composition. While the 
welding and testing work were done in a laboratory under 
strict control, all welding machines used were standard 
commercial equipment and the practices employed 
can be readily duplicated in ordinary routine produc. 
tion. 

The spot weldability of the USS Air-Ten steels js 
good for all grades varying in yield strength from 25 (09 
to 100,000 psi. 

The spot weldability of the 18-8 chromium-nickej 
steels is excellent for all tempers ranging in ultimate 
strength from 75,000 to 185,000 psi. 

The 4608, 4017 and modified 8620 steels are in certain 
spot welding characteristics inferior to the above ma- 
terials, but they are, in general, fairly weldable by single. 
impulse spot welding. 

The single-impulse spot weldability of X 4130 is 
open to considerable question and great caution should 
be used in applying this material where single-impulse 
welding equipment only is available. 


Discussion on “The Effect of 
Normalizing on the Properties 
of Welds in Carbon- 
Molybdenum Steel Pipe” 


By H. J. Kerr’ 


Table 1, and particularly the fact that practic- 
ally the same tensile and yield strengths are 
shown for 1200° stress relief and 1700° normalize: We 


We, in 


R: ERRING to the physical properties shown in 


10,000 Ib. more than in our 1700° normalize plus 1150° 


draw temperature. 


These higher values would be of relatively small mo- 


ment where the cause of failures is the graphitization of 
the low temperature end of the heat-affected zone. In 
the case of a steel which does not graphitize, these values 
may not be without moment and we have, in general, 
obtained about the same creep strength with creep cou- 
pons containing a weld in the center, stress relieved at 
1200°, as with the parent metal. 

There is a point here that is not mentioned in the 
paper, namely, that with the 1200° stress relief there may 
be more stress remaining in a carbon-molybdenum steel 
weldment than is generally understood, particularly if 


* Paper by Rohrig, Corey and Crocker, published in the October 1943 issue 


of Tue WeLbDING JouRNAL and presented at the Annual Meeting, A.W.S., 
Chicago, Oct. 18 to 21, 1943 


t The Babcock & Wilcox Co., Barberton, Ohio. 


the stresses are in two directions of approximately equal 
magnitude. 

From a fabricating standpoint there are no objections 
to a complete normalizing of any structure which can be 
placed in the furnace complete. It would appear, how- 
ever, that where the normalizing treatment is to be ap- 
plied to local sections of the pipe in the field, there will be 
a section of the pipe spheroidized, and there is consider- 
able evidence to show, with abnormal steels, that while 
the graphite found in this zone of pipe may not be as 
serious at the end of five years as in the heat-affected 
zone of the weld, this may become serious on further life 
that tends to graphitize. If this is not a fact, then per- 
haps a heat treatment at approximately a spheroidizing 
temperature would be all that would be required. 

The paper refers to a steel killed with about a half 
pound of aluminum per ton. We find in our investiga- 
tion of carbon-molybdenum steel that steel in this cate- 
gory varies over a very wide range in its normality, and 
the small amount of grain growth shown between Figs. 
6 and 9 would indicate that perhaps the steel used by the 
authors is not strictly normal. It would be appreciated 
if the authors would show a McQuaid-Ehn test of this 
steel in their closure, as up to the present, in our investi- 
gations, this test has shown to be the best indicator of 
the graphitizing tendency of the steels which have been 
in service, and the more information we can get on this 
the more complete may be the final picture. 

While the only type of steel which we have found to 
graphitize is abnormal steel, some steels in the interme- 
diate zone do not graphitize as much as one might ex- 
pect, i.e., castings. Asa second example, all-weld metals 
on our tests have shown to be abnormal, yet the graphiti- 
zation of welds of carbon-molybdenum steel has been 
almost negligible, and on the same pipe as where the pipe 
itself has been greatly affected. I would like to ask the 
authors if they know whether normalizing the weld metal 
will affect this situation. 
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The Spot Welding of Magnesium 
Alloys 


Introduction 


HE spot welding of magnesium alloys is not a new 

art and a considerable amount of research has 

been devoted to a study of the problem. Very 
much progress has been made in the last several years. 
Probably the most outstanding advance in the art has 
been the introduction of new principles of applying the 
energy necessary for welding. Several different machines 
are available on the market which are distinct in their 
operation compared with the conventional a.-c. machines. 
These will be discussed later. 


Weldable Alloys 


The forms most commonly spot welded are sheet and 
extrusions. Table 1 shows the magnesium alloys most 
usually spot welded. Table 2 gives the typical mechani- 
cal properties of these alloys. Some physical properties 
which are important in welding these alloys are given in 
Table 3. Sheets are furnished in three alloys: Mg-1.5 
Mn, Mg-3Al-1Zn, Mg-6Al-—1Zn, and in 2 tempers: 
annealed and hard rolled. Extrusions are furnished in 4 
alloys: Mg-1.5Mn, Mg-6Al-1Zn, Mg-—3Al-1Zn, 
Mg-8.5Al—0.5Zn. The first three are supplied as ex- 
truded while the last alloy is furnished either as extruded 
or extruded and aged. 


Preparation for Welding 


Magnesium products can be supplied with either an oil 
or a chrome-pickle coating. These coatings serve to 
protect the metal during shipment and storage. For 
spot-welding applications the oil coating is recommended. 
If chrome-pickled material is to be spot welded the coat- 
ing must be removed before welding. Complete removal 
of the coating is difficult and incomplete removal of the 
coating will lead to inconsistent welds and greater elec- 
trode pick-up. 

Material supplied with a protective oil coating should 
be cleaned in a suitable solvent, followed by a light 
polishing with a motor-driven wire brush to remove the 


Table i—Compositions and Designations of Magnesiurn 


lloys 
Chemical Composition, % Range, 
Nominal 
Designation Ale: Zn Mn Min. 

Mg-3Al-1Zn 2.5-3.5 7-1.3 
Mg-6Al1-1Zn 5.8-7.2 0.4-1.5 0.15 
Mg~8.5Al-0.5Zn 7.8-9.2 0.2-0.8 0.15 


* Report prepared by the Magnesium Welding Sub-Committee of the Air- 
craft Welding Research Committee of the Engineering Foundation. _ Pre- 
sented by W. S. Loose, Chairman, at the Annual Meeting, A.W.5., Chicago, 
IIL, Oct. 18 to 21, 1943. 


Table 2—Typical Mechanical Properties of Magnesium 
Alloys 
SHEET 
Ultimate Tensile 
Tensile Yield 
Strength, Strength, Elongation 
Alloy Condition Psi. Psi in 2In., % 
Mg +1.5Mn _ Annealed 33,000 18,000 17 
Hard rolled 37,000 24,000 10 
Mg+3.0Al+ Annealed 37,000 21,000 21 
1Zn Hard rolled 43,000 33,000 10 
Mg + 6Al+ Annealed 42,000 26,000 16 
1Zn Hard rolled 45,000 35,000 9 


EXTRUDED SHAPES AND STRUCTURAL SECTIONS 


Mg + 1.5Mn Asextruded 36,000 20,000 9 
Mg + 3Al+ _  Asextruded 37,000 24.000 15 
1Zn 
Mg + 6Al+  Asextruded $2,000 25,000 16 
1Zn 
Mg+8.5Al+ Asextruded 45,000 29,000 13 
0.5Zn 
- = 


Table 3—Physical Properties of Magnesium Alloys 


Electrical 
Resistivity, 
Microhm- 


Thermal 


Condue Coefficient 


tivity of Thermal Centi- 

C.G.5 Expansion meters 

Solidification Range Unit per at 20° C 

Alloy °F 100-300° C (65-750° F.) (68° F.) 

Mg-1.5Mn 640-650 1184-1202 0.30 0.000016 5.0 

Mg-3Al-1 385-630 725-1170 ).23 0.000016 10.0 
Zn 

Mg-6Al-1 385-610 725-1130 0.19 0, 000016 12.5 
Zn 


oxide film in the areas to be welded. The diameter of the 
wire should be between 0.003 and 0.006 in. and the brush 
should operate at a peripheral speed over 2600 ft. per 
min. The pressure applied to the brush and rate of 
progress over the material should be uniform and just 
sufficient to remove the coating without appreciable loss 
of the base material. Manual cleaning may be per- 
formed using No. 0 steel wool or 160 to 240 abrasive 
paper. In using steel wool care must be taken to free 
the entire surface from the fine particles of steel which 
may be magnetically attracted into the welding area. 
The use of stainless steel wool is preferred because of its 
non-magnetic properties. Contamination of a mag- 
nesium surface with iron will decrease the corrosion re- 
sistance. 

Satisfactory removal of the chrome-pickle finish from 
the alloy containing Mg + 1.5Mn may be accomplished 
with a wire brush. On alloys containing Al, where the 
etch produced by the chrome pickle is deeper, it may be 
necessary to use steel wool to obtain a good spot-welding 
finish. A satisfactory surface may be produced either 
manually or by the use of a machine-operated steel-wool 
surfaced wheel. 

No satisfactory chemical cleaning method for use with 
either chrome-pickled or untreated sheet is available at 
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present. Hot chromic acid or strong caustic solution will 
remove the chrome-pickle coating, but will leave a 
hydroxide film on the surface. Certain organic acids can 
be used to remove this coating. No technique other 
than mechanical cleaning has been developed which will 
produce satisfactory results. 


Surface Treatment of Completed Assemblies 


After spot welding, the entire assembly is chrome- 
pickled according to Army Air Corps Specification 98- 
20010-A and thoroughly rinsed in water. If greater 
corrosion resistance is desired the parts may be boiled for 
30 min. in a 10% sodium dichromate solution. This lat- 
ter step is completely described in Navy Aeronautical 
Specification M-406 covering the sealed chrome-pickle 
treatment of magnesium base alloys. The assembly is 
now ready for painting. 


General Requirements for Spot Welding 


Equipment 


The essential requirements of the equipment for spot 
welding magnesium are reasonably high welding current 
capacity, positive control of pressure and accurate con- 
trol of welding time. Equipment in which either the 
pressure or the time is controlled manually should not be 
used to weld magnesium. 

Experience has shown that equipment suitable for 
aluminum alloys may be used for spot or seam welding 
magnesium alloys. Machine settings are substantially 
the same as for welding aluminum. 


Machine Settings 


Adjustment of the welding machine to the proper set- 
ting is a very essential step in the production of con- 
sistent, strong welds. Tables of recommended machine 
settings for welding two equal thicknesses of material are 
given later. In using these tables the first trial welds 
should be made at somewhat less current or lower voltage 
values than are given. These values should then be in- 
creased in small steps until a weld of the desired diameter 
or strength is obtained. The diameter of the weld may 
be determined by tearing apart a welded sample and 
measuring the size of buttons which are pulled from one 
of the parts. A quick section test as described under 
“Penetration” may also be used. At the same time the 
weld should be examined for other defects. 


Pressures 


The electrode pressures required to weld magnesium 
alloys vary with the thickness of the sheet and the type of 
alloy. Machines capable of producing electrode pres- 
sures from 300 to 3000 Ibs. may be used satisfactorily. 
Pressures which give high strengths and freedom from 
porosity and cracks should be used. When extremely 
short welding times are used (one or two cycles), higher 
pressures are necessary to prevent flashing. Because of 
the high coefficient of expansion and the high thermal 
conductivity of magnesium, rapid follow-up of electrode 
tip is vitally necessary. Air-operated, low-inertia, anti- 
friction type welding heads are essential for quick follow- 
up. 

When pressure is applied to the sheets by the elec- 
trodes, a small interface area has intimate contact. As 
current is applied and the weld slug forms, a pressure ring 
is produced around the weld slug at the interface. This 
pressure ring is usually from to in. larger in diam- 
eter than the weld slug and increases as the slug in- 
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creases in size. If the current is applied too rapidly th, 
pressure ‘low-up will be too slow, the pressure rin, 
will be toc narrow, and flashing will result. If the tip 
contour is too sharp, the pressure ring will be too Narrow 
and the molten metal, as it expands, will spit out. T);. 
decrease in the volume of metal in the weld slug is one oj 
the causes of cracks. In 90% of the welds on Mg ~ (4) 

1Zn alloy where flashing occurs, cracking results. Flash 
ing can be detected during welding by a crack or report 
similar to the firing of a small gun. 


Electrodes 


As in the welding of all light metals, the selection ang 
maintenance of the electrodes are important. Electrodes 
are made from hard, high conductivity copper alloys 
meeting R.W.M.A. Class I specification. These elec. 
trodes must be water cooled, preferably to within */, jy. 
of the welding face. 

In special cases hard-rolled, pure copper electrodes are 
satisfactory. These may be used for especially shaped, 
offset electrodes. 


Tip Contour 


Several tip contours have been found to be satisfactory. 
Among these are the '/s to 7/35 x 4° flat, the 7° cone, and 
2-in. to 8-in. dome tips. 

The contour of the electrode is machined on a lath: 
and is maintained while in the welding machine by dress. 
ing with fine abrasive cloth. 


Electrode Deflection 


Rigidity of both the upper and lower arms during 
welding is essential in order to minimize deflection of the 
electrode tips. Excessive deflection causes inconsistent 
spot strengths, irregular shaped welds, flashing, cracking, 
excessive tip pick-up and misalignment of parts being 
welded. 


Pick-up 


A factor which must be considered in spot welding 
magnesium alloys as well as other material is pick-up. 
From 100 to 150 welds can be made on hard-rolled Mg - 
6Al—1Zn sheet without tip cleaning. This may be due to 
its higher resistivity and harder surface. On Mg-1.5Mn 
alloy, however, the electrode must be cleaned every 10 to 
20 spots. Electrode cooling is an important factor in 
pick-up, although cooling to excessively low temperatures 
has a harmful effect. When low temperatures are used, 
condensation takes place on the electrode tips, materially 
increasing the electrode to sheet resistance during weld- 
ing; consequently burning or pick-up takes place more 
rapidly. For best results tip temperature should be as 
low as can be maintained without condensation of mois- 
ture on the electrode. 

A simple device can be employed to maintain the elec- 
trode temperature as nearly as possible at room tempera- 
ture. This consists in governing the water supply to the 
electrodes by means of a solenoid valve and time relay 
which are actuated by the welder control. 


Spot Welding with A.-C. Equipment 


Control of current is obviously important and is usually 
varied on a.-c. machines by an auto-transformer. In 
addition, a phase-shift device is frequently employed in 
the primary line to provide a more delicate adjustment. 
By these methods the current may be varied over a rela 
tively wide range. 

Time of current dwell through the weld is, of course, 
also an important factor. Very seldom are welding times 
less than 3 or more than 30 cycles used in welding mag- 
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nesium. In order to obtain good, consistent welds, full 
control must be employed. ' 
It is perhaps needless to point out the effect on weld 


strength when line voltage varies. Automatic phase- 
shifting devices on the supply line to keep the line 
voltage constant are being successfully used. When 
several machines draw current from the same supply 
line and there is danger of the line voltage dropping 
below normal, a non-firing device or signal should be em- 
ployed to prevent welding or indicate that a poor weld 
has been made. 

Tables 4 and 5 show the machine settings for spot 
welding various gages of Mg — 1.5Mn sheet and Mg —3Al— 
1Zn sheet. The approximate spot shear strength values 
which might be anticipated are also given. 
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Fig. 1—Approximate Voltage and Capacitance Settings for 
Condenser Discharge Machines Using Recommended Pressures 
and Tip Contours on Mg-1.5Mn Annealed Sheet 


Spot Welding with Electrostatic Stored Energy 
Equipment 


_ In this type of equipment, condenser capacity is an 
important factor in determining the weldable gages in 
any material. A versatile machine suitable for welding 
magnesium alloys should have condenser capacities 
varying from approximately 200 microfarads for welding 
gages 0.016 in. thick up to 4000 microfarads for welding 
gages 0.125 in. thick. Figures 1 and 2 give approximate 
capacitance and voltage settings for Mg-1.5Mn and 
Mg-6Al-1Zn sheet. Transformer-turns ratio not only 
varies the current peak during welding on condenser dis- 
charge machines but also varies the time of discharge 
through the weld. A low-turns ratio results in a short 
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Fig. 2—Approximate Voltage and Capacitance Settings for 


Condenser Discharge Machines Using Recommended Pressures 
and Tip Contours on Mg - 6Al — 1Zn Hard-Rolled Sheet 


Table 4—Machine Settings for Spot Welding Annealed Mg —-1.5Mn Sheet (A.-C. Machine) 


Thickness, B. and S. Time, Pressure, 

In. Gage Cycles Lbs. 
0.016 26 3 500 
0.020 24 3 550 
0.025 22 4 600 
0.032 20 4 700 
0.040 18 6 750 
0.051 16 8 850 
0.064 14 10 950 
0.081 12 12 1000 
0.102 10 12 1100 
0.128 Ss 15 1200 


Note: Electrode diameter of 5/s in. is satisfactory for all sheet gages up to and including 0.081 in. 


eter of 7/, in. is recommended. 


Thickness, B. and S. Time, Pressure, 

In. Gage Cycles Lbs. 
0.016 26 2 550 
0.020 24 3 600 
0.025 22 3 650 
0.032 20 4 700 
0.040 18 4 750 
0.051 16 5 850 
0.064 14 5 900 
0.081 12 6 1000 
0.102 10 7 1100 
0.128 8 8 1200 


Note: Electrode diameter of 5/s in. is satisfactory. 


Table 5—Machine Settings for Spot Welding Annealed Mg -3Al —-1Zn Sheet (A.-C. Machine) 


Shear 
Current, Tip Strength, 
Amps. Top Bottom Lb./Spot 
21,000 7° cone Flat 60 
22,000 7° cone Flat 90 
23,000 7° cone Flat 120 
24,000 7° cone Flat 170 
26,000 7° cone 7° cone 250 
28,000 7° cone 7° cone 330 
30,000 7° cone 7° cone 480 
33,000 7° cone 7° cone 710 
38,000 7° cone 7° cone 1000 
43,000 7° cone 7° cone 1350 


Above this gage an electrode diam- 


Shear 

Current, Tip Strength, 

_Amp. Top Bottom Lb./Spot 
16,000 7° cone Flat 80 
17,000 7° cone Flat 130 
18,000 7° cone Flat 170 
20,000 7° cone Flat 250 
22,000 7° cone 7° cone 330 
25,000 7° cone 7° cone 480 
28,000 7° cone 7° cone 720 
30,000 7° cone 7° cone 980 
31,000 7° cone 7° cone 1180 
33,000 7° cone 7° cone 1350 
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Fig. 3—Spot Welds in 0.064-In. Hard-Rolled Mg -6Al-1Zn Sheet. 
5 

Electrode tip—!/, in. x 4° flat; 
condenser voltage—l800 v.; 
ratio—480: 1; 


electrode pressure—1200 lb.; 
capacitance—l140 mfd.; turns 
shear strength—650 lb./spot. 


welding time (0.01 to 0.05 sec.) while a high-turns ratio 
results in a somewhat longer welding time (0.05 to 0.13 
sec.). Best welding results on magnesium have been ob- 
tained using the higher-turns ratio (360:1 and 480:1). 
Short welding times tend toward flashing and resultant 
cracked welds. 


Spot Welding with Electromagnetic Stored Energy 
Equipment 


In general, electromagnetic stored energy machines 
operate the same on magnesium alloys as do the electro- 
static type. One exception is that lower pressures are 
employed during actual welding, although the machines 
are equipped with rapid pressure follow-up. Typical 
machine settings for welding equal gages of alloys con- 
taining Mg-1.5Mn, Mg-3Al-1Zn and 
are given in Table 6. These data will serve as a guide for 
the settings to be used on intermediate sheet thicknesses. 


Characteristics and Properties of Spot Welds 


Mg -6Al1-—1Zn alloy and Mg—3Al-—1Zn alloy are both 
easily spot welded. Figure 3 shows a typical spot weld 
in alloy sheet. 

Mg-1.5Mn alloy is more critical from the standpoint 
of electrode pick-up. Figure 4(@) shows a typical spot 
weld produced by electrostatic equipment. The line 
through the center of the weld slug is the junction of the 
grains as they grow from the edge of the weld to the 
center upon solidification. The strength properties are 
not affected by this junction line. Figure 4 (b) shows a 
typical spot weld in this alloy using a.-c. equipment. The 


centrally located growth line is not noted on a. 


pro- 
duced welds. 


Dissimilar Alloys 


Dissimilar magnesium alloys can be spot welded to. 
gether, but consistency in strength is more difficult ty 
obtain than when welding alloys of the same compogj 
tion. In attempting to weld dissimilar alloys, the solic 
fication ranges, the thermal conductivities and the elec 
trical conductivities are the primary factors which mus 
be considered. Alloys with similar physical properties 
weld together more easily than alloys such as Mg -— |.5Mp 
and Mg-—6Al—1Zn whose physical properties are more 
unequal. Alloys of Mg—1.5Mn have a narrow solidifica. 
tion range, higher electrical conductivity and higher 
thermal conductivity as compared to Mg~—6Al-—1Zy 
The difference in thermal conductivity can be compen 
sated by different tip areas in contact with the sheet to 
keep the weld slug centered in the joint. A smaller 
dome radius should be used against the alloy having the 
greatest conductivity. 


Electrostatic: electrode tip—4-in. dome; electrode pressure — 
700 lb.; condenser voltage—l640 v.; capacitance—3990 mid.; 
turns ratio—480: 1. 


A.C. equipment: 
sure—1030 lb.; 


electrode tip—3-in. dome; 
current—34,500 amp.; 


Fig. 4—Spot Welds in 0.064-In. Annealed Mg + 1.5Mn Sheet 
Showing Different Structures Obtained with Electrostatic and 


electrode pres- 
time—1l0 cycles. 


A.-C. Equipment. The Line Through the Center of the Weld 

Produced with Electrostatic Equipment Is the Junction of the 

Grains as They Grow from the Edge of the Weld to the Center 

Upon Solidification. Shear Tests Do Not Indicate This to Be 
a Line of Weakness. 7 


Table 6—Welding Settings (Electromagnetic Machines) 


Heat . 

Sheet Pressure, Lbs. Primary Delay Before Time of Tip 
Thickness, Precom- Weld Forge Current, Charging, Recompression, Radius, 
In. pression Pressure Pressure Preheat Amp. Cycles Cycles Poles Cylinder In. 
Mg + 1.5Mn 
0.040 400 400 1200 With 175 10 30 s 2 4 
0.064 580 580 1740 Without 300 10 30 8 2 4 
0.125 1900 1080 4750 With 725 20 30 16 2 4 
Mg + 6Al + 1Zn 
0.040 500 500 500 Without 160 10 30 8 1 4 
0.064 480 480 480 Without 215 10 30 8 2 4 
0.125 3216 3216 3216 With 725 20 30 16 2 4 
Mg + 3Al + 1Zn 
0.064 560 560 1680 Without 200 10 30 8 2 4 
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Fig. 5—Recommended Electrode Pressures for Spot Welding 
Mg -1.5Mn Annealed Sheet 


Soundness of Welds 


Sound spot welds are a primary requisite in any struc- 
ture. Correct welding current is best determined by test 
welds in which the shear strength, shape of weld and 
penetration of weld are within specified limits. Figure 
5 shows recommended pressures and Fig. 6 recommended 
tip contours for spot welding two gages of equal thick- 
ness of annealed Mg-—1.5Mn sheet. Figures 7 and 8 
show the same recommendations for hard-rolled Mg- 
6Al—1Zn sheet. 


Shear Strength 


Figures 9 and 10 show, for two common sheet alloys, 
design strength values which may be obtained using the 
above recommended tip sizes and pressures, and with 
proper adjustment of current. Weld strengths have been 
assumed as the shear strength which will load the sur- 
rounding sheet as much as possible. In thin gages this 
is recognized as welds that fail by tearing. As sheet 
thickness increases above 0.040 in. weld failures become 
more typically shear, with a slight tearing of the sheet 
adjacent to the weld before the shear failure takes place. 
Penetration 

The weld penetration as well as the diameter of the 
weld may be ascertained by cutting a cross section 
through the weld, finishing this surface with a fine file 
or emery cloth and then etching for 10 sec. in a 10 to 50% 
solution of acetic or tartaric acid. This etch will darken 
the cast weld zone sufficiently to make it possible to 
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Fig. 7—Recommended Electrode Pressures for Spot Welding 
Mg - 6Al - 1Zn Hard-Rolled Sheet 
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Fig. 6—Recommended Electrode Tip Contours for Spot 


Welding Mg -1.5Mn Annealed Sheet 


measure weld diameter and penetration into each piece. 
The penetration should be not less than 30°% nor more 
than 80% into each of the parts welded. It may be 
increased on only one of the parts by decreasing the 
radius of the electrode used against that part, Fig. 11. 


Flashing 


Flashing of weld metal between the sheets may be 
eliminated by increasing the welding pressure, decreasing 
the welding current, increasing the pressure and current, 
or by increasing the radius of the electrode and increasing 
both the pressure and current. In some cases, a more 
thorough cleaning of the material may be necessary to 
completely eliminate flashing. The impression on the 
sheet by a greasy finger may be’a sufficient cause to re- 
sult in spitting. 


Surface Heating and Pick-up 

Surface heating and pick-up of metal by the welding 
electrodes are also corrected in the same manner as is 
flashing. 


Cracking and Porosity 

Radial cracks in the weld are corrected in the same 
manner as are flashing, surface heating and pick-up. 
These corrections must be correlated with further ex- 
amination of the weld diameter so that a lowering of the 
shear strength does not occur. 

Cracks and porosity of spot welds are detectable by 
either microscopic examination of the weld or by stand- 
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Fig. 8—Recommended Electrode Tip Contours for Spot 


Welding Mg -6Al - 1Zn Hard-Rolled Sheet 
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Fig. 9—Single Spot Weld Design Strengths for Mg-1.5Mn 
Annealed Sheet 


Fig. 11—Spot Weld in 0.091l-In. Hard-Rolled Mg-6Al-1Zn 

Sheet, Showing Flat Tip Used to Change the Depth of Pene- 
tration. 7 X 

Electrode tip, top—2-in. dome, bottom—1/; in. flat; 

pressure—1200 lb.; condenser voltage—1l600 v.,; 
2470 mfd.; turns ratio—480:1. 


electrode 
capacitance— 


ard X-ray practice or both. Fine grain film is desirable 
for X-ray examination. Cracking is no great problem on 
Mg-1.5Mn. Mg-6Al—1Zn and Mg-3Al-1Zn alloy, 
however, are susceptible to cracking which may be elimi- 
nated by adjustment of pressure, current, tip contour or 
ensuring clean surfaces of the sheet. 


Indentation 


Electrode indentation and surface appearance are a 
function of tip contour, pressure and current. In order 
to eliminate tip indentation, a flat tip may be used against 
the outside surface of the part welded. Gages up to 
0.064 in. can be welded in this manner. Beyond this 
thickness the weld slug moves upward in the sheet to- 
ward the electrode with the sharper contour. Figure 11 
shows a spot weld made with a 2-in. dome tip on the top 
electrode and a flat tip on the bottom electrode. 


Unequal Sheet Thickness 


When welding unequal sheet thicknesses, it is impor- 
tant that the electrode with the larger contact area be 
used against the thicker material. If this is not done, 
there is a chance that a weld with no penetration or with 
insufficient penetration into the thinner sheet will be 
made. 


Strength Consistency 


Consistency of spot weld strength is a function of 
cleanliness of the sheet machine variables, tip deflec- 
tion and proper electrode cooling. For consistent 
spot welds, these variables must be controlled. Figure 13 
shows consistency values which were obtained using 
standard production nethods. The sheet was cleaned 
using a wire brush and the spot welds were made con- 
tinuously along two sheets lapped 2 in., with spots spaced 
at 1 in., then cut into test sections and pulled on a tensile 
testing machine. 
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Fig. 10—Single Spot Weld Design Strengths for Mg -6Al - 1Zn 
Hard-Rolled Sheet 


Table 7—Effect of Annealing Spot Welds in 0.081-In. An. 
nealed Mg-1.5 Mn Sheet 


Load, Lbs. 
Annealed—600° F. 


As-Welded for 2 Hr. 
Spec. No. Shear Tension Shear Tension 
1 440 245 815 309 
2 442 213 730 305 
3 432 195 590 293 
4 522 210 657 281 
5 267 192 710 295 
6 480 221 683 333 
7 466 236 742 327 
Av. 464 216 718 306 


Tip Contour 


Spot strength is a function of tip contour, pressure, 
current and resistance. Exploratory work on tip con- 
tour has resulted in the selection of two types—the 4° 
flat electrode, the diameter of the flat being dependent 
upon the sheet thickness being welded; and the common 
dome tip with the radius dependent upon the sheet 
thickness. Seven degree cone tips may be used but ex- 
perience has shown that these tips will rapidly assume 
the shape of a large radius dome. The 4° flat tip not only 
gives a minimum tip impression but also provides a good 
hold-down pressure around the weld slug to prevent 
flashing of metal. On machines where tip deflection is 
a problem, dome tips can be used with better strength 
consistency than the flat tips because the contact area 
of the tips against the sheet are more nearly constant. 


Fig. 12—Spot Welding 0.032 to 0.125-In. Mg + 6Al + 1Zn Hard- 
Rolled Sheets. 7 X 
Electrode tip, top—2-in. dome, bottom—flat; 
sure—700 lb.; condenser voltage—2450 v.; 
mfd.; turns ratio—l20: 1. 
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Deflection of 4° flat tips results in half-moon-shaped 


spots and uneven penetration of weld slug. The other 
electrode may be of the same shape or it may be per- 
fectly flat and of a diameter from °/s; to 1'/, in. to produce 


q surface essentially free from marking. 


Annealing Spot Welds 


Some tests have been made which show a beneficial 
effect of annealing after spot welding. This may be due 
to a relief of stresses in the weld. } 

fests were made on 0.081-in. annealed Mg—-1.5Mn 
sheet using the conditions noted. The results are shown 
in Table 6. 


Corrosion Resistance 


Spot-welded specimens of hard-rolled Mg — 1.5Mn sheet, 
given a chrome-pickle coating after spot welding, were 
exposed for one, four, and eight years to the atmosphere 
it New Kensington, Pennsylvania. The spot welds were 
not selectively attacked and there was no significant 
change in strength of the welds during this period. 
Accelerated tests in continuous 20% salt spray and alter- 
nate immersion in 3'/2% salt solution also showed no 
preferential attack in the weld zone. 

On the other hand, accelerated tests on annealed Mg - 
1.5Mn sheet not chrome pickled after welding and on 
which copper from the welding electrodes was present, 
showed selective attack of the spot welds. 

In view of the fact that copper pick-up reduces the cor- 
rosion resistance of spot welds, every effort should be 
made to minimize this pick-up on the welds. Clean 
material, cool electrodes and frequent cleaning of the 
electrodes are essential considerations from this stand- 
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Fig. 13—Spot Weld Dispersion Chart Showing Consistency on 

Mg -6Al-1Zn Hard-Rolled 0.032 Gage Sheet Using Two 

Different Electrode Tip Contours on a Condenser Discharge 
Machine 
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SPOT WELDING MAGNESIUM ALLOYS 
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Fig. 14—Recommended Minimum Spot Spacing for Spot 
Welding Magnesium Alloys Mg—1.5Mn and Mg -6Al-1Zn 
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Fig. 15—Recommended Minimum Edge Distance, Center of 
Weld to Edge of Sheet, for Magnesium Alloys Mg - 1.5Mn and 
Mg 6Al 1Zn 


point. Copper deposits can be removed by polishing as 
with fine polishing compounds on buffing wheels. Wire 
brushing is not a satisfactory method of removal. The 


entire part should be dichromated after cleaning to pro- 
tect both the welds and the area which has been wire 
brushed. 

It is sometimes desirable to protect the faying sur- 
faces of spot-welded joints from salt atmosphere corrosion. 
Although only a limited amount of work on inner-surface 
protectors has been done, spot-welded joints have been 
successfully fabricated using semi-liquid protectors such 
as ‘“‘Alumilastic,”’ Fuller's Zinc Chromate Compound, 
Watson-Standard primer and others. In all cases, the 
inter-surface protector must be viscous enough so that 
when pressure is applied to the spot-weld location, the 
protecting liquid will be squeezed out from between the 
sheet at the spot weld thus giving bare metal contact 
and relatively low resistance, permitting a satisfactory 
slug to be formed. Welds should be made soon after the 
application of the material and not more than 1 hr. 
from time of application to time of spot welding should 
elapse. Great care must be exercised in preparing a 
joint of this nature and frequent tests must be made to 
check the spot strength and consistency. It is not ad- 
visable to subject spot-welded joints prepared in this 
manner to the 30-min. boil in sodium dichromate solu- 
tion, which is required for surface treatment, because the 
boil removes part of the inter-surface protectors. These 
compounds have a tendency to “‘bleed’’ upon prolonged 
exposure in heated atmospheres, but such conditions are 
not encountered frequently in normal service. 


639-s 


- in 
a 
130 & 
4 
a 
! 
= 
4 
‘ ig 
ion 
) 
] 
A 
> 
aS 
exX- 
ime 
nly 
4 
a % 
" 
= 


¢ ae 


Design of Joints for Spot Welding 


The design of joints for spot welding should receive 
careful consideration to ensure that the parts to be welded 
can be placed in the welding machine in the proper posi- 
tion for welding. A knowledge of the welding equip- 
ment is necessary to ensure that only the point to be 
welded contacts the welding machine. The work to be 
welded should be horizontal and normal to the axis of the 
welding tips. 

Spot welding requires adequate spacing between the 
spots and sufficient edge distance to ensure good welds 
being obtained. 

Figures 14 and 15 show minimum and recommended 
dimensions for placement of spot welds in magnesium. 


These spot spacings will probably result in failure jn th. 
sheet rather than in the weld. Where maximum joint 
efficiency is required, two or three rows of spots should 
be used and the spot spacing should be increased nti 
the total strength of the spot welds is approximate}, 
equal to the strength of the material welded. 

Where unequal thicknesses are to be welded, the 
thinner sheet should be placed against the tip with the 
smaller contact area, if possible. Spot-welding differ. 
ences in thickness greater than 2-1 are not recom 
mended. Figure 12 shows the effect of spot welding 
different thicknesses of Mg-6Al-—1Zn alloy. Joint de- 
sign should be such that sheet thicknesses and alloys are 
duplicated throughout a job to avoid frequent resetting 
of the welding machine. 


Reviews of Foreign Literature 
(Continued from page 595-s) 


12 weeks in solutions of nitric acid (10% concentrated), 
sulphuric acid (1-10%), acetic acid (10-70%), sodium 
chloride (3%) and lactic acid (10%). The extent of 
corrosion was judged from the appearance and from 
mechanical tests. The joints were resistant toward 
acetic acid (10-30%), less so toward dilute nitric and 
sulphuric acids and were attacked by stronger nitric and 
by lactic acids. (Abstracted in J. of Inst. of Metals, 1943, 
Ap., p. 112.) 


WELDING OF ALUMINUM. IIl. Technische Rundschau, 
1942, Oct. 23, p. 1. (Translation in Light Metals, 
1943, April, pp. 180-188.) 

Practical instructions are given on the welding of alu- 
minum and its alloys by gas, are and atomic hydrogen 


welding. There is also a section on the welding of mag- 
nesium. For the gas welding of aluminum, the same 


welding apparatus and burners may be employed as for 
the welding of steel. A table shows the nozzle diameters 
for various sheet thicknesses. Recommended filler rod 
compositions are also tabulated. In the welding of Al- 
Cu alloys, subsequent heat treatment is essential when 
high strength is desired. A flux must always be used in 
welding aluminum and its alloys. Alpax is the only ex- 
ception to this rule. Fluxes invariably contain lithium 
chloride, but as this is now unobtainable in Switzerland, 
efforts are being made to develop a lithium-free flux. 
One such material, Lumiweld O, has already appeared 
on the market. Diagrams show the correct preparation 
of joints followed by the correct welding procedure. For 
sheets up to 3 mm. thick in aluminum, welding speed is 
greater than in the case of steel. For sheets over 3 mm., 
welding speed is lower, as heat is conducted away at a 
higher rate of speed. When butt welding sheet, the fol- 
lowing times should be adhered to: 


Weld Time for Seam 1 M. 


Sheet Thickness, Mm. Long, min. 


1 5 
2 6 
3 8 
4 11 
5 15 


Are welding may be employed for sheets and sections 
above 2 mm. thick and for castings. Are welding is of 
the greatest advantage in cases where distortion might be 
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WELDING RESEARCH SUPPLEMENT 


expected if gas welding were used, for example, in the 
welding back into position of fractured parts of large 
castings, or for handling massive riveted structures to 
which small pieces must be fixed subsequently. Seam 
welds made by are welding have a very small softened 
transition zone. This zone, if subjected to repeated 
bend stresses, may tend to behave like a notch, i.e., it 
can give rise to stress considerations. D.c. current is 
used. The arc is struck at 60-80 v. and operated at 
25-30 v. The current densities, which depend on the 
electrode diameter, are tabulated. The electrodes are 
sheathed in fluxing composition. Full instructions are 
given on the are welding of sheets above 4 mm. thick. 
An atomic-hydrogen welding machine is illustrated and 
the correct welding procedure given. In the section on 
the welding of magnesium, it is stressed that all magne- 
sium alloys are weldable both by gas and arc welding, but 
only the procedure for the former is given. The complete 
removal of flux, for which methods are given, is essential. 
There are 8 illustrations. 


PROPERTIES OF MAGNESIUM ALLOYS AS AFFECTING 
DESIGN AND FABRICATION. Ill. (With bibl.) Luft- 
wissen, vol. 7, 1941, July, pp. 218-223; vol. 8, Aug., 
pp. 251-255. (Slightly abridged translation in Sheet 
Metal Industries, vol. 17, 1943, pp. 651-657.) 


The author points out that pure magnesium has only 
a small field of application, e.g., in pyrotechnics, and as 
a constituent of other alloys, primarily on an Al base, 
whereas magnesium alloys have numerous applications. 
Sections of the article are devoted to the following: 
elektron bars, profiles and tubes; bending; elektron forg- 
ings; elektron sheet metal; cold and hot working; 
and principles of design. After a brief section on rivet- 
ing, the author discusses the autogenous welding of sheets 
of alloy AM503, the correct types of joints being shown 
by diagrams. Welded seams in which the flux cannot be 
completely removed must not be used. In the joining 
of elektron to other materials, e.g., steel, appropriate 
insulation must be provided. Methods of insulating 
elektron from other metals are shown by adiagram. The 
concluding section deals with the application of AM503 
to aircraft cowlings, wing tips, fairings between wings and 
fuselage, etc. Die pressings are used in undercarriage 
parts, steering column, etc., and castings in landing 
wheels, tail wheel and a number of control levers. A 
pilot’s seat made of pressed elektron tubing (alloy AZM) 
suitably welded is also mentioned. There are 8 illustra- 
tions. 
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JOIN TODAY for Tomorrow’s Progress 


* 


Enormous strides are being made in welding techniques . 


norn . . they are of 
vital importance for tomorrow’s progress. 


Individually, it may be difficult to keep abreast of all developments but 
through American Welding Society membership, you not only have up- 
to-the-minute information on what is going on, but a vital source of assist- 
ance in meeting your own problems. 


The membership of the Society covers every phase of welding interest 
both direct and indirect. The active roster includes leading engineers, 
production men, contractors, sub-contractors, company officials, research 
men, professors, students, draftsmen, purchasing agents, foremen. Govern- 
ment officials, too. 


If you wish to keep pace with the welding art, you will find membership in 
the Society an inestimable advantage. 


And you will find the information disseminated by the Society to be of 


tremendous value. 


Membership offers you this— 


An opportunity for frank discussion of your prob- 
lems with specialists in the welding industry at 
monthly Section meetings; also at Regional and 
National meetings. 


also reviews of literature in specialized fields. 
The Journal Supplement is furnished to mem- 
bers at no extra cost. 


6. Welding Handbook, the ‘Bible’ of the welding 
A key to new ideas and the latest progress in the industry, is available to Full members at no addi- 
welding art. Codes, Specifications and Standards tional cost. Associate members receive the vol- 
made available in the Welding Journa! at no extra ume at a reduced price. (If a non-member wants 
cost to members. Also obtainable (for small fee) this Handbook, the price is $6, in the U.S. Out- 
in bulletin form. side the U.S... . $6.50.) 
A chance to take an active part in developing 7. Lecture Courses. Many Sections give compre- 
better welding techniques and new applications. hensive lecture courses on fundamental principles 
Research conducted under the auspices of the of 
Weldi L welding practice, structural welding, and design. 
Other Sections of the Society make these lectures 
Subscription, with your membership, to the We/d- available for a very modest fee to members. 
ing Journal! . . . authoritative monthly information 
on welding practice, applications, codes and 8. of welding fur 
daciieada nished to members without cost. 
~ 9. Annual Exposition at which the latest develop- 
Journal Supplement. a official organ of the Weld- ments in the industry are exhibited. 
ing Research Council. Contains reports of re- 
search going on in hundreds of university and 10. Membership Certificate. Membership emblem 


industrial laboratories throughout the country; 


Cost Membership, $15; Associate Membership, $10. 


G. N. SIEGER, Membership Commitice 


The AMERICAN WELDING SOCIETY 
33 West Thirty-Ninth Street 
New York 18, New York 


(available at nominal cost). 
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Oxygen SUaranteed 99 
® Nation-wide delivery s 
© A complete 

arc welding 


®@ Field Engineering Service. 


pure. 
ervice, 

line of Oxyace 
“Ppparatus an 


‘Whether your needs are for 200 cu. ft. — 
20,000—or severai million cubic feet of oxy- 
gen monthly, Air Reduction’s complete 
service meets all your oxygen needs. 


Airco oxygen is guaranteed 99.5% pure 
... uniform from coast to coast. It assures 
maximum speed and economy in metal 
cutting ... . promotes greater efficiency in 
welding. Airco’s nation-wide network of 
offices and plants assures dependable de- 
liveries to any point in the nation. 


AirReduction also manufactures a com- 
plete line of apparatus and supplies for 


OXYGEN SERVICE| «: 
IN ONE PACKAGE... 


welding, cutting and all other applications 
of the oxyacetylene flame and electric arc. 
In addition, its nation-wide Field Engi- 
neering Service offers technical aid — in- 
cluding development of mechanical flame 
and arc applications and design of gas pipe- 
line systems for your plant. 


Whatever your need for oxyacetylene 
welding and cutting, Air Reduction’s com- 
plete service will meet all your require- 
ments. There’s an Air Reduction office 
located within close reach of your plant. 
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General Offices: 60 EAST 42nd STREET, NEW YORK 17, W. Y. 
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for welding steel castings, because the weld 


Points Remember 
when you select Oxweld Welding 


¢ Oxweld welding rods are made to meet a variety of 


needs and specifications so that it is possible to select a 


rod that will produce best results and greatest economies 


for each job. This is true of steel and iron rods, alumi- 
num rods, and bronze rods. 
At the present time, however, rods may not always be 


available in exactly the type and size you prefer. Often 


Rods 


another size or type will be satisfactory. For this reason, 
when the specific rod that you want is not available, 
make what you have—or can get—do the job whenever 
possible. The larger sizes of rod usually are more read- 
ily available than the smaller sizes . . . and often will 
serve as well if you simply weld a little faster. Steel or 
iron rods can replace bronze for many repair jobs if the 
part is preheated. 

Outlined here are the es- 
sential facts about Oxweld 
steel and iron rods. If you 
need similar descriptions of 


bronze, aluminum, or hard- 


facing rods, and complete fig- 


ures on sizes and prices, send 


for the “Oxweld Welding Preheating furnaces for cast 
? iron repair jobs can be 
Rod and Supplies Price List. quickly built of firebrick. 


OXWELD No. 1 H.T. (High Test) 
(Pat.) STEEL ROD 
For High-Strength W elds in Steel Plate, 


Sheet, Structural Shapes, Pipe and Steel 
Castings. 


“Oxweld C.L” 


This rod has no equal for welding highly ROD 
stressed structures. It is also unexcelled 
metal is susceptible to the same heat-treat- 
ment as the casting. Oxweld No. 1 HLT. 
can be used with greater economy for equal 
strength than cheaper rods since the 
amount of weld metal can be reduced, with 
a consequent saving in gases and labor. 

“Oxweld No. 1 H.T. Pat.” is stamped on 
each rod except 1/16 in. 


less Steels. 


This rod 


slight) carbon 


Nearly all of the 


duces a “treated 


ing the 
OXWELD No. 


Copper-Coated—For Steel Plate, 
Structural Shapes and Pipe. 


7 DRAWN IRON ROD 
Sheet, 


peratures, 

The box for No. 
weld” 
Oxweld No. 7 rod produces ductile, readily 
machinable welds sufficiently strong for 
all ordinary purposes where high tensile 
strength is not a factor. 

“Oxweld” is stenciled on the boxes for 
1/16- and 3/32-in. rod. All other sizes have awe 
“Oxweld No. 7” stamped on each rod. i 


OXWELD No. 9 CAST IRON ROD 
For Gray Tron Castings. 


Oxweld No. 9 Welding Rod deposits fine- 
grained weld metal as strong as the cast- 
The words * 


ries through to the 
weld 
“heat effect” of the welding process 
and subsequent operation in elevated tem- 


ing and as easily machined. 


is cast on each rod. 


OXWELD No. 28 (Pat.) COLUMBIUM- 
BEARING 18-8 STAINLESS STEEL 


For Titanium- or Columbium-Bearing per 
18-8 Stainless Steels and Untreated Stain- 


produces 
ductile, and malleable welds. The 
bium counteracts the 
pick-up 
columbium content car- 
weld metal and pro- 


28r 


Linde’, and “Oxweld”™ 


975 


harmful 


OXWELD No. 32 C.M.S. (Pat.) 
STEEL ROD 


For High-Strength and High-Speed W eld- 
ing of Pressure Vessels, Tanks and Steel 
Pipe by Linde’s Steel Welding Process. 


This rod produces welds with a tensile 
strength of between 75,000 to 90,000 pounds 
square inch. Speed of application, 
which reduces gas consumption, is a fea- 
ture of No. 32 C.MLS. rod. 
“Oxweld No. 32 
stamped on each rod. 


corrosion-resistant, Patented” is 
colum- 
effect of a 


during welding. 


OXWELD No. 34 MILD STEEL ROD 


Copper-Coated—For Steel Plate, Sheet 


ies” Structural Shapes and Pipe. 
resist- 


capable of 
This is a low-priced rod for applications 
where high tensile strength and ductility 
are not primary considerations. 


“Oxweld 34 M.S.” 


od is stenciled “Ox 
rod. 


is stamped on each 


Tat Linve Air ComPANY 


are trade-marks. 
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UNITED STATES WAR BONDS STAMPS 


HOW WS R HELPS 


YOU BUY MORE WISELY 


*WSR (Welding Service Range) ratings now enable 
you — 


(1) —to buy welding heat at a known cost per ampere, 
based upon the machine’s maximum output. 


(2) —to know precisely the limits within which the 
machine will perform satisfactorily . . . not theo- 
retically, but by actual delivered output. 


(3) —to select the machine exactly suited to your re- 
quirements. This enables you to save money on 
initial investment as well as on operating cost. 


In addition to WSR ratings, which clarify the important 
factor of usable welding current, every P&H Arc Welder 
operates with single heat control. Arc response is 
automatic on all classes of work. 


P&H manufactures both AC and DC Arc Welders as well as 
a complete line of welding electrodes including types for 
hard surfacing, resistance to impact, wear, abrasion, etc. 
Literature on request. 
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Write today for your copy of 
“The Welder Wise Way to 
Buy Welding Heat.” It con- 
tains important facts that may 
change your entire thinking 
about welder values. 


WELDERS EXCAVATORS - 


General Offices: 4551 W. National Avenue, Milwaukee, Wis. 
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